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About the Symposium

The goal of the symposium “Assessment and Management of New and
Developed Fisheries in Data-limited Situations,” held October 22-25, 2003,
in Anchorage, Alaska, was to bring together scientists, fishery managers,
and policy makers to synthesize historical track records, share recent
advances, and discuss future avenues for the management of newly de-
veloping and small-scale fisheries under data-limited situations.

Expanding worldwide demand for seafood products is not limited
to fishery resources with rich histories of stock assessment and fishery
research. As most of the world’s large marine fisheries are fully exploited
or overfished, new fisheries are being developed on marine species whose
biology, productivity, and ecological relationships are little known.

Data-limited situations create challenges for fishery managers re-
sponding to societal demands to develop new fisheries while striving for
precaution under the Code of Conduct for Responsible Fisheries. This
has led to new applications of decades-old simple production models,
spawned the development of new assessment techniques with meager
data requirements, and led to creative fishery management schemes, in-
cluding adaptive approaches, risk-averse methods such as establishment
of no-fishing refugia, comanagement to share responsibilities among
vested parties, and rights-based management systems.

The symposium was coordinated by Sherri Pristash, Alaska Sea
Grant College Program, University of Alaska Fairbanks, with assistance
by the organizing committee: Vince Gallucci, University of Washing-
ton; Doug Hay, Fisheries and Oceans Canada, Pacific Biological Station;
Gordon Kruse, University of Alaska Fairbanks, Fisheries Division; Bill
Wilson, North Pacific Fishery Management Council; Ian Perry, Fisheries
and Oceans Canada, Pacific Biological Station; Randall Peterman, Simon
Fraser University; Tom Shirley, University of Alaska Fairbanks, Fisheries
Division; Paul Spencer, NOAA Fisheries, Alaska Fisheries Science Center;
and Doug Woodby, Alaska Department of Fish and Game.

Symposium sponsors are Alaska Sea Grant College Program; Alaska
Department of Fish and Game; North Pacific Fishery Management Coun-
cil; Wakefield Endowment, University of Alaska Foundation; and NOAA
Fisheries.

The Lowell Wakefield Symposium Series
and Endowment

The Alaska Sea Grant College Program has been sponsoring and coordinat-
ing the Lowell Wakefield Fisheries Symposium series since 1982. These
meetings are a forum for information exchange in biology, management,
economics, and processing of various fish species and complexes, as well
as an opportunity for scientists from high-latitude countries to meet
informally and discuss their work.

viii



Lowell Wakefield was the founder of the Alaska king crab industry.
He recognized two major ingredients necessary for the king crab fish-
ery to survive—ensuring that a quality product be made available to
the consumer, and that a viable fishery can be maintained only through
sound management practices based on the best scientific data available.
Lowell Wakefield and Wakefield Seafoods played an important role in
the development and implementation of quality control legislation, in
the preparation of fishing regulations for Alaska waters, and in draft-
ing international agreements for the high seas. In his later years, as an
adjunct professor of fisheries at the University of Alaska, Lowell Wake-
field influenced the early directions of Alaska Sea Grant. The Wakefield
symposium series is named in honor of Lowell Wakefield and his many
contributions to Alaska’s fisheries. In 2000, Lowell’s wife Frankie Wake-
field made a gift to the University of Alaska Foundation to establish an
endowment to continue this series.
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Alaska Sea Grant College Program  AK-SG-05-02, 2005

Overview of World Status of Data-
Limited Fisheries: Inferences
from Landings Statistics

Marcelo Vasconcellos and Kevern Cochrane
Marine Resources Service, Fishery Resources Division, FAO, Rome, Italy

Abstract

Data-limited fisheries are here considered to be fisheries lacking suf-
ficient reliable biological information to infer the exploitation status
of the targeted stocks. Considering species-specific catch data as the
common minimum available data for assessing the status of a stock, in
this paper we use the taxonomic breakdown of the reported landings
statistics to FAO to make an approximate inference of data limitation
of fisheries by region, country, and taxonomic groups. The paper also
explores the possibility of extracting meaningful biological information
from fisheries landings by applying a Bayesian approach to two selected
fisheries. The contribution of data-poor fisheries to the world landings
from marine capture fisheries is relatively low, but increasing (from 20 to
30% of world landings in the last 50 years). However, data limitation can
be a substantial problem at the regional and country level, especially in
areas with high species diversity, small stock sizes, and where fisheries
play an important role for food security. Preliminary modeling results
indicate that catch data, when combined with prior information about
the dynamics of similar species/stocks and fisheries, could be useful for
informing fisheries management in data-limited situations.

Introduction

The 25th Session of the Committee on Fisheries (COFI) recognized that,
although information on the status and trends of fisheries is fundamental
to the mandate of FAO, there are serious shortcomings in the reporting
of information and many problems of data quality in fisheries. The avail-
ability and quality of information on fisheries is often so poor that it is
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very difficult not only to draw conclusions, but also to formulate sound
policies for responsible fisheries management.

The problem of data limitation in fisheries can be examined in rela-
tion to the information required in a management plan. Ideally, fisheries
managers should be engaged in a series of iterative activities (Cochrane
2002), including the definition of the geographical and institutional scope
of the management plan; the definition of objectives, strategies, reference
points, and performance measures; the formulation of rules (measures
and controls) to achieve the desirable objectives; and the monitoring, as-
sessment, and review of fisheries and resources status. Success in meet-
ing management objectives depends largely on the availability and flow of
information between these activities. There are many ways in which the
management of a fishery can be limited by lack of data and information.
Depending on the objectives of a management plan, different types of
data are required to assess the performance of alternative management
strategies. In practice, fisheries management involves balancing diverse
(and often conflicting) interests or objectives, and the data/information
requirements reflect this diversity (FAO 2003a). Nonetheless, in spite of
the management objectives, information about the status of the resource
base (fish stocks and supporting ecosystems) is a crucial indicator for
the sustainable management of a fishery. In this paper, we concentrate
our analysis and definition of data-limited fisheries on those fisheries
considered to lack adequate reliable information to infer the exploitation
status of the targeted resources.

Information about the status of a fishery resource can come from
different sources: monitoring the fishery (landing, catch, and effort data);
biological surveys; information from resource users; and from informa-
tion on similar resources in other locations. Often the only data available
to infer the status of a fishery in a particular location are the landings in
weight or number of the targeted species. In such cases, catch data form
the basis for fisheries assessment and management.

This paper is presented in two parts. First we use the taxonomic
breakdown of landings statistics reported to the Food and Agriculture
Organization (FAO) to evaluate the extent of data limitation of fisheries
in a given country/region. In this evaluation it was considered that spe-
cies-specific landings data are common minimum data for managing a
fishery in a given location. This measure is only approximate because in
many places fisheries exploit different stocks of the same species, and
the stock-specific catches are not often reflected by the resolution of the
landings statistics. We also recognize that landings and catches are not
necessarily the same because of problems of data reporting, discards,
and illegal fishing. Using landings data reported to FAO, data limitation
in fisheries around the globe is described, and some factors behind the
limitation are discussed. In the second part of the paper we explore the
use of a Bayesian approach to infer meaningful biological information
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from landings data alone using prior information about the dynamics of
fishing effort and of marine populations. The approach is tested using
data from two previously assessed fisheries.

Methods

Data limitation in fisheries around the world

As part of its mandate FAO compiles information and data on various
aspects of food and agriculture from all countries. Country-level fisheries
data are collected through tailored questionnaires sent annually to mem-
ber countries. Data reported by countries are supplemented as much as
possible with information from other sources, including regional fishery
bodies, field projects, independent surveys, and literature reviews (FAO
2001). Overall, FAO landings statistics are expected to include all avail-
able data by country and thus reflect the quality of their system of fish-
eries statistics. Reported data are categorized by species, genus, family,
or higher taxonomic levels into 1,291 statistical categories called species
items. Some countries tend to report their catch only in higher taxonomic
categories and sometimes only as “miscellaneous fishes” or “marine fish
not elsewhere included.” Landings not defined to species are termed here
“nonspecific fisheries landings.”

In this study, marine fisheries landings statistics reported to FAO
from 1950 to 2001 were disaggregated by taxonomic categories and
spatially by ocean, FAO Statistical Area, and country. The percentage
of the total landing volume composed of nonspecific items, i.e., items
identified only to genus or higher taxonomic levels, was computed for
each geographical region. The same percentage was also calculated for
major taxonomic groups, i.e., fish, crustaceans, cephalopods, and other
mollusks (excluding cephalopods). These percentages are used here as
indices to describe data limitation in fisheries.

Example of an approach to extract meaningful biological
information from landings data

The approach explored in this paper is based on the assumption that, in
the absence of effective management, fisheries normally follow a pattern
of development where the relative rate of increase in catch is zero at an
undeveloped stage, increases rapidly during a development phase, drops
to zero again when a mature stage has been reached, and becomes nega-
tive during a senescent phase (Caddy and Gulland 1983). Underlying the
trend in catches is a pattern of change in fishing effort, which typically
increases rapidly during the development phase. The effort and resulting
fishing mortality can continue to increase, stabilize, or decline when the
maturity phase is reached, depending on diverse factors such as changes
in technology that make harvest more efficient, market conditions that
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affect the bioeconomic equilibrium, or regulatory regimes. While infor-
mation and data exist about changes in fisheries landings over time, not
much has been done to characterize the dynamics in effort and fishing
mortality (Hilborn and Walters 1992, Seijo et al. 1998). Given the differ-
ent possible trajectories of effort and in an attempt to keep the number
of estimable parameters low, we propose two models that can be used
to describe the observed pattern of change in fishing effort with time:
a linear and logistic model. Effort and biomass equations are combined
to develop a model that simulates catches over time. The fundamental
assumption of the model is that time series of catch data contain infor-
mation on both fishing effort and stock biomass dynamics. The model
evaluates the change in catches to infer stock status, production, and
exploitation rate.

In the linear model fishing effort increases by a constant amount
with time:

E,., = E, + XE, 1)

where Ej is the effort at the early phase of fishery development and x is
a multiplier that defines the amount of increase in mortality with time.
This model is particularly suited to describe fisheries in the developing
stage or where effort continues to increase after the maximum catch is
reached.

In the logistic model effort increases as a function of the stock abun-
dance:

E. =E[l+x(I/I,- 1) )

where x is the intrinsic rate of increase in effort, I, is catch per unit ef-
fort (CPUE) in year t, and 1, is the CPUE at the bioeconomic equilibrium.
According to this model fishing mortality will increase with time until
the equilibrium abundance is reached, and will decrease if the stock con-
tinues to decline. As such, the model is useful to describe fisheries that
went through the developing, mature, and senescent phases and may be
more appropriate for commercial fisheries where economic performance
will tend to drive effort.
The standard catch equation is:

C,=qEB, (3)

where C,is catch in year t, g is the catchability coefficient, E, is effort in
year t, and B, the stock biomass in year t. Blomass dynamics is modeled
according to the Schaeffer model:
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B
Bt = Bt—l + rBr-1(1 - tTI) - Ct—l )

where r is the intrinsic rate of increase in biomass and K is the virgin
biomass or stock at carrying capacity.

Expressing the temporal changes in fishing effort according to
equations 1 and 2, and assuming that I, = B,q, then equation 2 can be
expressed as:

E,, = E[1 + x(B/B, - 1)]

where B, is the biomass at a “bioeconomic” equilibrium, being B, = Ka,
where 0 < a <1.
Assuming that g is constant between years, then:

gk, = gk, + q(xE;)

qE.., = qE[l + x(B/B, - 1)]

t+1

Let gE, = P, = the proportion of the biomass caught in year t, then

P, =P + xP, (5)

P, =PJ1+x(B/B,-1)] (6)

Therefore, combining equations 6 (or 5) and 4 into equation 3 yields:

Bl‘ Bt
C:+1:R[1+X(E_1)] [Bt+rBt(1—?)—Ct] (7)

e

Assuming that the stock is lightly fished at the beginning of the time
series (i.e., B, = K), and that the first catch (C,) is measured without er-
ror (so P, = C,/B,), then four parameters must be estimated when effort
model (2) is used (r, K, x, and a) or three parameters when effort model
(1) is used (, K, and x). We attempt to estimate parameters by fitting
equation 7 (or the equivalent with the linear effort model) to time series
of annual landings. We test how the performance of the model varies as
informative priors for parameters r, K, x, and a are included in a Bayes-
ian estimation procedure (see below). The model was tested using data
from two fisheries previously assessed with biomass dynamic models
and catch and effort data (Table 1). The performance of the model was
evaluated comparing the estimated and “true” parameters and reference
points listed in Table 1.
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Table 1. Parameters and reference points of fisheries used to test the
performance of the model. K and msy are measured in metric
tons (thousands).

Fishery r K X msy F/Fmsy B/Bmsy
Yellowfin tuna 0.80 819 0.50 152 0.87 1.18
Namibia hake 0.39 2,709 0.40 266 1.89 0.77

Reference points F/F,  and B/B,, refer to ratio between the most recent fishing mortality and stock

biomass compared to Fmsy and B,,, respectively. Only catch data from the period when the fisheries were

unmanaged were used in the analysis: yellowfin tuna (1950-1993, ICCAT 2001), Namibia hake (1965-1976,
Hilborn and Mangel 1997).

The likelihood function used for the estimation (Punt and Hilborn
2001) is:

L(D\6) = H \/_exp[ ;(nC -InC_ )P

t,est

6 is assumed to be known and equal to 0.4. C, ., is the estimated catch
in year t, as calculated from equation 7. Informative prior probabilities
for parameters v, K, x, and a are assumed to be normally distributed
with means equal to the “true” parameter values in Table 1 and coef-
ficient of variation of 40%. Alternatively, we used uniform probabilities
for the same parameters as a source of non-informative priors. In this
case parameters are assigned equal probabilities in the following ranges:
yellowfin tuna (0.1 < ¥ < 1.5; 100 < K< 5,000; 0 < x< 10; 0 < a < 1); hake
(0.1 <r<1.5;500<K<10,000; 0<x<2;0<a<1). The likelihoods
were set to zero for parameter values below the minimum and above the
maximum limits of the uniform prior distributions. The posterior prob-
ability distribution for each alternative parameter value was computed by
combining prior information with the estimated likelihoods using Bayes
rule. The computation of posterior probabilities was carried out using a
Markov Chain Monte Carlo method implemented in an Excel spreadsheet
(Punt and Hilborn 2001). The method generally converged to the posterior
distributions after 50,000 runs. We disregarded the first 10,000 runs as a
“burn in” period and selected the parameter vectors after every fortieth
run as the basis to construct the posterior distributions.
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Results

Data limitation in fisheries as indicated by FAO
landings statistics

The global trend in nonspecific fisheries landings (i.e., landings not de-
fined to species) shows an increase from approximately 20% to 30% dur-
ing the 50 years of data available (Fig. 1). The relatively small percentage
of nonspecific landings volume globally reflects the fact that a few fish
species dominate world landings (the top 10 species in 2000 accounted
for ca. 35% of world marine capture fisheries; FAO 2002a). However, the
analysis of the same data by oceanic basins and FAO Statistical Areas
reveals substantial geographical variation in data limitation (Fig. 1). The
highest percentages of nonspecific landings are in the Indian Ocean (both
Western and Eastern Indian Ocean show similar trends) and in the Western
Central Pacific, where over 60% of the landings are reported in highly
aggregated items. Overall, the Atlantic Ocean shows the lowest percent-
ages of nonspecific landings among the oceans, but in the breakdown
by fishing statistical areas the large regional differences in data quality
are evident. Fisheries landings data are less limited in the Northeast and
Northwest Atlantic while the worst areas in recent years are the Eastern
Central, Western Central, and Southeast Atlantic. The same regional dif-
ferences are evident in the Pacific Ocean. While the Western Central Pacific
present up to 80% of the total landings volume reported as nonspecific
items, in the Southeast Pacific this percentage has always been under
20% because of the dominance in landings of fisheries for very abundant
small and medium pelagics (sardine, anchoveta, and jack mackerel) off
the west coast of South America. The Mediterranean and Black Sea show
a general improvement in fisheries statistics over time but still ca. 30%
of the reported landings are nonspecific. The Antarctic fishing areas are
overall very specific so the percentage of nonspecific records is normally
low, but with some variability in the Antarctic areas of the Pacific Ocean
(for instance, in 1989 100% of the reported 1,100 tons captured in the
area were recorded as Myctophidae). In general, we found that the index
of data limitation used here reflects the available information on the ex-
ploitation status of stocks in each FAO statistical area (FAO 2005).
Further analyses of these data were undertaken to describe the char-
acteristics of fisheries in data-poor situations and to investigate some of
the factors leading to poor quality of data. The quality of fisheries statis-
tics correlates better with the number of fish species caught for human
use than with the total fisheries production in the FAO Statistical Areas
(Fig. 2). Areas of high biological diversity, expressed by the diversity of
species commercially harvested, in general have a higher percentage of
landings unidentified to the species level. This leads to two conclusions.
First, the importance of an area in terms of its contribution to world sup-
ply of capture fisheries is not a factor influencing fisheries assessment
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Figure 2. Relationship between percentage of fisheries landings nonspe-
cific against average landings from 1991 to 2001 (upper panel)
and the number of fish species used for diverse human uses
(lower panel). The number of fish species by FAO Statistical Area
was obtained in FishBase (Froese and Pauly 2000). FAO Statisti-
cal Areas are indicated by their initials: AA, Antarctic Atlantic;
Al, Antarctic Indian; AP, Antarctic Pacific; ECA, Eastern Central
Atlantic; EI0, Eastern Indian Ocean; ECP, Eastern Central Pacific;
MBS, Mediterranean and Black Sea; NEA, Northeast Atlantic; NEP,
Northeast Pacific; NWA, Northwest Atlantic; NWP, Northwest Pacif-
ic; SEA, Southeast Atlantic; SEP, Southeast Pacific; SWA, Southwest
Atlantic; SWP, Southwest Pacific; WCA, Western Central Atlantic;
WIO, Western Indian Ocean; WCP, Western Central Pacific.
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Figure 3. Percentage of nonspecific fisheries landings by country and con-
tribution to global capture fisheries production of each country
that reports fisheries data to FAO.

and monitoring efforts at a regional level. Second, there is a general lim-
ited capacity to monitor fisheries in areas of high biological diversity.
The geographical extent of data limitation in fisheries was examined
further by breaking down the information by countries. One hundred
and six (56%) of the 188 countries that submit landings statistics to FAO
report more than 50% of their fisheries landings as nonspecific items (Fig.
3). Combined, these countries are responsible for ca. 40% of world fish-
eries capture production. They are mostly concentrated in Asia, Africa,
Oceania (islands of Central and South Pacific), the Caribbean, and Central
America. With the exception of Central America, where the average con-
tribution of fish to the total supply of animal protein to the population
(5%) is below the world average of about 15% (data for the year 2003 in
the FAO Statistical Database on Food Supply; http://faostat.fao.org), all
other regions are composed of countries that depend heavily on fisheries
as a source of animal protein supply (> 15%). Paradoxically, the regions
where fisheries play a major role for food security, i.e., where harvested
fish provides most of the nutritious food to meet the dietary needs and
food preferences of the population, are also the ones where generally
the management of capture fisheries are most data limited. The paradox
rests on the assumption that the limited capacity to monitor the status of
fisheries resources in these areas also impairs the capacity of countries
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to plan the rational use of resources so as to secure the long-term avail-
ability and stability of food supply.

By defining a fishery as a unique combination of fished species and
country in the FAO statistics database, it was also possible to evaluate the
extent of data limitation by fishery size (Fig. 4). Despite the dominance
in numbers of small to medium sized fisheries, a few large fisheries lead
the global yield and present the best landings data. Results support the
hypothesis proposed by Mahon (1997) that, regardless of the numerical
dominance and greater socioeconomic dependence on small to medium
stocks at a global level, most fisheries research and management effort
has been directed at the largest stocks. The problem of data limitation
is compounded by the fact that the preponderance of small stocks is in
tropical areas of high biological diversity (Fig. 1), where fisheries, mostly
small-scale, are an important source of subsistence and food for low
income countries.

Finfish fisheries presented a steady increase in the percentage of
landings not identified to the species level from 21% in 1950 to 32% in
2001 (Fig. 5). The trend in finfish landings mirrors that of world landings
(Fig. 2) since fish dominates the world landings volume. The nonspecific
records of fish landings are dominated by the generic category “marine
fish not elsewhere included,” followed by demersal fish stocks and, with
less importance, pelagic fish stocks. Landings statistics for crustacean
and cephalopod fisheries have always been of poorer quality than those
for finfish. Since the mid-1970s there has been a general improvement in
the statistics for crustaceans and a worsening of the statistics for mollusk
and cephalopod fisheries. However, approximately half of the reported
landings of fisheries directed to the three invertebrate groups in the most
recent years are not species specific.

What can be learned about the status and dynamics of
stock from catch data alone?

The previous section highlighted serious limitations in data availability
throughout the world. Nevertheless, catches are the minimum and often
the only information available to inform management decisions in many
fisheries. Therefore, in this section we begin to explore the question of
whether catch data alone can be used to provide meaningful biological
information about a fish stock, using as examples the fisheries for yel-
lowfin tuna and Namibia hake.

Yellowfin tuna

The data used in the test were restricted to the period from 1950 to 1993,
when the fishery for yellowfin tuna, Thunnus albacares, was unregulated.
Measures to limit effort were first implemented in 1994 (ICCAT 2001). The
fit of the linear effort model was better than the logistic model (Fig. 6;
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Figure 4. Distribution of fishery size, percentage contribution to

global capture fisheries production, and quality of in-
formation (measured as the percentage of fisheries with
nonspecific landings) by fisheries size categories at the
global level. Fisheries were grouped in size categories
according to their most recently reported annual land-
ings (2000-2001). In this analysis a fishery is defined
by a unique combination of species item and country,
excluding the highly aggregated species items (such as
“miscellaneous marine fish”).
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Figure 6. Best fit models to observed catch data of yellowfin tuna using the
linear and logistic effort models. The goodness of fit was measured
using the residuals of untransformed data because they were more
homoscedastic than the residuals of log-transformed data.
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Figure 7. Performance measures of the logistic model applied to yellow-
fin tuna data. The y-axis is the ratio between predicted and the
“true” value of parameters obtained in their respective stock as-
sessments. The x-axis indicates the prior information used in the
Bayesian analysis. Dots are average values and the lines indicate
the 10% and 90% percentiles.

sum of squares linear: 9.09 x 109; logistic: 2.03 x 10!9), although both
models are miss-specified to some degree because neither meet the crite-
ria of randomness in the distribution of residuals at the 95% confidence
interval using a runs test (randomness linear: —3.53; logistic: -3.73).
Predictions of the trend in catch data differ according to the model used.
While the linear model predicts a continued increase in catches over the
time period of the analysis, the logistic predicts that catches would have
stabilized since the early 1980s.

Despite providing a poorer fit to the data, the logistic effort model
resulted in better estimates of parameters than using a linear model and
those are shown here. Predicted biological and policy parameters for the
logistic model are shown in Fig. 7. The model overestimated r (between
27 and 50% higher than ICCAT’s estimates) irrespective of introducing in-
formative prior information about the parameter. With prior information
about the effort parameter x, the model underestimated K. In all other
cases K was overestimated, even when priors on K were introduced. The
critical parameter for the logistical model was in this case x, as good
priors on x produced relatively good estimates of all policy parameters.
In all other cases the model predicted that catches come from a much
larger and productive stock with biomass close to the virgin stock size,
a result that could indicate insufficient contrast in the data.
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Figure 8. Best fit of models to observed catch data of Namibian hake us-
ing the linear and logistic effort models. The goodness of fit was
measured using the residuals of untransformed data because they
were more homoscedastic than the residuals of log-transformed
data.

Namibian hake

To test the model on the Namibian hake (Merluccius capensis and M.
paradoxus) fisheries we used data only from 1965 to 1976, when the
fishery was unregulated. In this case, the fits were very similar for both
effort models (Fig. 8; sum of squares linear: 6.07 x 104; logistic: 6.14 x
10%) and the test of randomness indicated that both models were well
specified (randomness linear: 0.62; logistic: 0.62). In fact, fishing mortal-
ity increased more or less linearly during this period (Hilborn and Mangel
1997). The models predicted a decline in catches after peaking in the
early 1970s.

In this case, the linear effort model produced better parameter es-
timates than the logistic model. Results obtained with the linear model
are shown in Fig. 9. Parameter » was overestimated (ca. 50% higher than
Hilborn and Mangel’s estimates) without informative priors about the
parameter. The same was observed for parameter K, which was over-
estimated (between 10 and 35% higher) without informative priors. In
general, the performance of the model in predicting policy parameters
was substantially better than in the case of yellowfin tuna. Even without
prior information the model was able to predict F/F, , and B/B, , close

sy msy
to the values assessed with catch and effort data.
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Figure 9. Performance measures of the linear model applied to the Namibian
hake. The y-axis is the ratio between predicted and the “true” value
of parameters obtained in their respective stock assessments. The
x-axis indicates the prior information used in the Bayesian analysis.
Dots are average values and the lines indicate the 10% and 90%
percentiles.

Discussion

Results obtained by examining the fisheries landings statistics reported
to FAO indicated some general characteristics of fisheries in data-limited
situations. Although their importance to the world supply of marine
capture fisheries is relatively low, but increasing (20-30%), data limitation
can be a substantial problem at regional and country level. In terms of
targeted resources, data limitation is more pronounced in invertebrate
fisheries, despite their typical higher value. Among the finfish fisheries,
the demersal fisheries have always been more deficient in specific land-
ings data than the pelagic fisheries. Even so, a large proportion of finfish
landings are reported as a generic category “marine fish not elsewhere
included.” Data limitation is more prominent in areas with high species
diversity and small stocks where fisheries play an important role for food
security, such as in many tropical, low-income countries of Africa, Asia,
Oceania, and the Caribbean. The development of more cost-effective
monitoring and assessment methods is therefore particularly urgent in
these cases.

Recognizing the problem of data limitation in fisheries, the 25th
Session of the Committee on Fisheries endorsed a draft “Strategy for Im-
proving Information Status and Trends of Capture Fisheries” (FAO 2003b).
The strategy calls the attention of states to the fact that many small-scale
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fisheries and multispecies fisheries, particularly in developing countries,
are not well monitored. As a result, these fisheries are probably underes-
timated and underrepresented in current fisheries status and trends and
consequently they are not adequately considered in the development of
plans and policies for fisheries. One of the key actions of the strategy is
to seek support for the development of cost-effective methods to acquire
and validate data on small-scale and multispecies fisheries, including ap-
proaches for data-poor situations and participatory processes that closely
associate resource users and their organizations to the data collection
schemes (FAO 2003b).

As pointed out by FAO (2002b) the proportion of catch identified
at the species level decreased during recent decades in response to the
depletion of large stocks, the diversification of fisheries, and the decrease
in financial support for the development and maintenance of national
fishery statistical systems. The deterioration of data collection systems
is occurring during a period when the statistical requirements have been
increasing dramatically for bycatch and discards, fishing capacity, illegal
fishing, among other socioeconomic data (FAO 2002b). Data limitation in
fisheries can also be related to other inter-related factors, among them we
highlight: (1) difficulty to monitor and assess fisheries in tropical areas
of high biological diversity, dominated by multispecies and multi-fleet
small-scale activities, where conventional fisheries assessment methods
are not suited (Cochrane 1999, Berkes et al. 2001); (2) tendency of states
to allocate human and financial resources preferentially to large and
economically important fisheries (Mahon 1997, NMFS 2003); (3) manage-
ment regimes that create incentives/disincentives for data gathering and
reporting (OECD 1997); and (4) the weak institutional linkages between
research and small-scale fisheries communities in many data-poor areas
(SFLP 2003).

Catch information alone is a poor indicator to infer the exploitation
status of a fishery and its potential productivity, but when combined
with prior information about the dynamics of similar species/stocks and
fisheries we suggest it could provide meaningful information, at least in
some cases, to inform management decisions in data-limited situations.
Other similar attempts have been made by Grainger and Garcia (1996)
and Gaertner et al. (2001) to extract information on stock status and trend
using catch data alone. Both those methods evaluate the change over
time of the relative rate of catch increase to determine when a stock has
reached an overfished status. The methods do not, however, provide in-
formation on the population dynamics of the resource or on biologically
based reference points, in contrast to the Bayesian approach considered
in this paper.

Some preliminary conclusions can be drawn regarding the model and
information content of catch data. First, the performance of the model is
sensitive to the assumptions about effort dynamics. Models using linear
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and logistic effort equations were not always well specified to describe
the changes in catches over time (case of the yellowfin tuna), resulting
in poor estimates of biological and policy parameters. The fact that the
linear model provided a better fit to the data for yellowfin tuna but the
logistic model provided better parameter estimates, suggests that an
alternative, better-specified effort model could have been more appro-
priate. Only two types of effort models were applied in this study, and
more appropriate effort dynamic models could substantially improve the
performance of the combined effort-stock dynamic model. That could
include making more realistic representations about how catchability
changes in response to changes in technology, behavior of fish and fish-
ers and environmental processes (Arreguin-Sanchez 1996). Other effort
models have also been proposed (Seijo et al. 1998) and we suggest that
further investigation of appropriate simple effort models for different
circumstances could substantially improve the usefulness of the basic
modeling approach we have proposed here.

The second conclusion is that the performance of the model was
influenced by the information content of data, which appears to vary
according to the phase of a fishery development. Data from the maturity
or senescent phase of a fishery (such as the Namibian hake) provided
more information about the status of the stock. The well-known principle
that “you cannot determine the potential yield from a fish stock without
overexploiting it” (Hilborn and Walters 1992) also applies here. However,
more tests need to be done on the model presented here before any con-
clusions can be drawn with respect to the information content of catch
data. In this respect, tests will be undertaken using simulated fisheries
in an operating model with known dynamics and error structure. Lastly,
informative priors about biological parameters r and K and the effort pa-
rameter x improved the performance of the model in estimating biological
and policy parameters.

The definition of prior distributions is a very contentious issue in
Bayesian analysis (Punt and Hilborn 1997, 2001). Prior distributions for
parameter r, the intrinsic rate of increase in biomass, can be constructed
combining demographic methods (McAllister et al. 2001) with meta-
analysis data on maximum reproductive rate of fish stocks (Myers et al.
1999). Developing prior distributions for K, the virgin stock size, is more
problematic because K is not only related to intrinsic biological charac-
teristics of a species but is also a function of ecological characteristics
such as size and productivity of the habitat. It is often recommended to
assume a uniform prior for K over an appropriate interval based on the
cumulative catch (Punt and Hilborn 2001). Prior distributions for the ef-
fort models and parameters could also benefit from expert opinion and
empirical generalizations of fisheries bioeconomic equilibria based on a
synthesis of available examples of fishing effort dynamics.
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Notwithstanding the need for further work to test the potential value
of the model thoroughly, we believe that these preliminary results are
positive and that the Bayesian approach described here may provide a
means of gaining important information for management in data-limited
fisheries. We plan to explore some of these issues, including the sug-
gested sources of prior information, in the near future.
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Abstract

This paper reports on the development of a management strategy for
eulachon (Thaleichthys pacificus) in the lower Columbia River where data
are sparse. Eulachon are an anadromous species, of the family Osmeri-
dae, which ascend the lower Columbia River and tributaries to spawn.
Starting in 1994, the abundance of the spawning run declined sharply
as evidenced in the performance of the commercial fishery. The decline
prompted the need to develop a management plan for these fisheries
in the absence of management or biological information. Oregon and
Washington managers worked with the fishing industry to develop a
management plan. The plan incorporated goals of maintaining healthy
populations of eulachon, considering the role of eulachon in the Colum-
bia River ecosystem, and developing a risk-averse management strategy.
The plan adopted three levels of fishing effort. Fisheries are monitored
in-season and fishing level changes are made depending on the results of
the monitoring. The ability to adjust fishing levels in-season is important
to the fishing industry, general public, and managers.

Introduction

Eulachon, or Columbia River smelt, (Thaleichthys pacificus) are a small,
schooling, anadromous fish species found in the northeast Pacific Ocean.
The largest run of eulachon south of Canada spawns in the Columbia
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River and tributaries. The catches of eulachon in the Columbia River
system declined through most of the 1990s (WDFW/ODFW 2001), and
this prompted a series of fishery restrictions and the development of
management policies and practices for both commercial and recreational
fisheries.

Biology of eulachon

Eulachon are the largest member of the smelt family, Osmeridae, and the
only member of its genus. Eulachon are small fish averaging about 200
mm in length (Scott and Crossman 1973) and reaching a maximum length
of about 300 mm (McAllister 1963). Eulachon are an anadromous species.
Demersal eggs are deposited in the winter or spring and the larvae drift
rapidly to sea where the fish live until returning to freshwater to spawn.
Most, if not all, of the fish die after spawning (WDFW/ODFW 2002).

Little is known of eulachon while they are in the ocean. There are
indications that significant numbers of eulachon in the ocean off British
Columbia originated in the Columbia River (Hay et al. 1997).

Eulachon spawn in the lower Columbia River below Bonneville Dam
and in major tributaries of the main river (Fig. 1). Adult eulachon enter
the Columbia River system during the winter months. Timing of the run
can vary considerably between years. Peak adult abundance is usually in
February, but may be as late as April. Eulachon movements are sensitive
to water temperature (Smith and Saalfeld 1955), which may affect the
timing of the upstream movement.

Fisheries for eulachon

Eulachon are caught in commercial and sport fisheries in the lower Co-
lumbia River and tributaries downstream from the Bonneville Dam. The
catch is used for human consumption, food for zoo animals, and bait in
recreational fisheries.

Commercial fishery

The commercial fishery in the mainstem Columbia River is largely done
with gillnet, although a small otter trawl fishery existed in the recent
past. Dip nets are authorized but rarely used. Since 1938, commercial
catches of eulachon have averaged about 181 t annually in the mainstem
Columbia River.

The Cowlitz River produced the bulk (approximately 75%) of the com-
mercial catch in the tributaries of the Columbia River system. Between
1938 and 2001, the commercial catch of eulachon averaged 682 t annu-
ally in the Cowlitz River. Dip nets are the only commercial fishing gear
authorized for use in the tributaries.
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Figure 1. Eulachon spawn in the lower Columbia River below Bonneville
Dam and in major tributaries of the main river. Source: Washington

Department of Fish and Wildlife.

Recreational fishery

Recreational fisheries for eulachon are conducted primarily in the tribu-
taries using dip nets. The recreational fishery is not regularly monitored,
and no estimates of participation or catch are available. However, it is
evident that recreational fishing for eulachon is an extremely popular
activity with traffic jams common during the peak of the fishery. No quan-
titative estimates of the harvest by recreational fishing are available.

History of exploitation
Eulachon were harvested by Native groups for centuries. The Lewis
and Clark expedition reports trading with local Natives for eulachon on
February 25, 1806, and reported the fish were taken in great quantities
(Moulton 1990).

Commercial harvest of eulachon can be traced back to the late 1800s.
The first reported commercial landings of eulachon in the Cowlitz River
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were in 1872. By 1892, the commercial catch in the Cowlitz River was
approximately 220 t (Hinrichsen 1998).

The commercial fishery is monitored by use of Fish Receiving Tickets.
A Fish Receiving Ticket is required by regulation to be completed at the
conclusion of each successful fishing trip. The ticket records fishing gear
utilized, the general area fished, and the catch in pounds by species.

Consistent records of the commercial landings of eulachon are avail-
able back to 1936 (Fig. 2). It is unclear if the magnitude of the total annual
landings reflects the size of the eulachon run. Reports from the fishing
industry indicated that during years of strong abundance, the market
for eulachon would become saturated and fishing effort would diminish
(Smith and Saalfeld 1955). Catch per unit effort (CPUE) may not be useful
to judge stock abundance, as CPUE may not have a direct relationship to
run size (Beverton 1990, Hilborn and Walters 1992).

Between 1938 and 1989, commercial landings averaged 950 t annu-
ally and fluctuated without apparent trend. Beginning in 1993 landings
dropped due to low abundance of spawning eulachon. In 1994 only 19.5 t
were landed, the lowest level since modern record-keeping began in the
1930s. Market demand for eulachon was high, with prices over $3.00 per
kg ($7.00 per pound) (WDFW/ODFW 2002).

Beginning in 1995, a series of fisheries restrictions were enacted and
the first active management of this resource started. Restrictions con-
sisted largely of reducing the length of the fishing season (Table 1).

Development of a management plan

Because of the fishery decline and the need for active management, Or-
egon and Washington managers developed a joint Eulachon Management
Plan designed to guide eulachon management decisions (WDFW/ODFW
2001). This plan established four major policy directions for the manage-
ment of the eulachon fishery:

e Maintain healthy populations of eulachon.

e Management actions will consider the role of eulachon in both ma-
rine and freshwater ecosystems and the need to maintain sufficient
populations of eulachon for proper ecosystem functioning.

e A precautionary approach to resource management shall be uti-
lized.

e Management will consider the best scientific information available
and strive to improve the information base for eulachon.

In addition, the policy directed that fishing opportunity be main-
tained for both the commercial and recreational segments of the fishery.
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Table 1. Days open during the Co-
lumbia River commercial
eulachon fishing seasons,
1960-2002.

Seasonal year?  Days open to fishing

1960-1985 255 to 365
1986-1994 121
1995 86
1996 96
1997 63
1998 44
1999 30
2000 35
2001 47
2002 66

3A seasonal year is from December 1 to November
30.

To implement the formal policy directives, it became necessary to

translate the directives into a management plan. To do so, the manage-
ment agencies agreed on the following strategies:

Commit to work with the fishing industry. By utilizing the industry’s
knowledge and interest in the resource, information could be gained
at a low cost and an atmosphere of cooperation would be fostered.

Fishing levels would be based on abundance. To meet policy direc-
tives there needed to be some knowledge, even qualitative, of the
abundance of eulachon. Additionally, during years of low run sizes,
fishing would be constrained to help assure healthy populations of
eulachon and proper ecosystem function.

Acknowledge uncertainty. For the foreseeable future, considerable
gaps in needed knowledge are likely to continue. Management
should openly identify these uncertainties and adopt fishery regula-
tions that account for uncertainty.

Build flexibility into fishery management. Managers should have the
ability to change regulations in-season based on acquired informa-
tion.
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Table 2. Description of the three fishing levels for eulachon in the Columbia
River.

Level 1—Level 1 fisheries are utilized when there is great uncertainty in run
strength or indication of a poor return. Level 1 fisheries are the most conser-
vative and scheduled to produce an annual harvest rate of 10% or less. The
purpose of Level 1 fisheries is to gain insight on the spawning runs while
minimizing the risk of overexploitation. Typical Level 1 fisheries might consist
of one 12-24 hour fishing period in the mainstem Columbia River and one ad-
ditional day in the Cowlitz River per week. Recreational fisheries would be lim-
ited to one 2-24 hour period per week in the Cowlitz River. Days and hours to
be fished would be developed in conjunction with fishery participants.

Level 2—When fishery data indicate a promising abundance in the spawning
run and other indices are favorable, fishing time would be increased to collect
additional data. The trigger to move from a Level 1 to a Level 2 fishery is not
specified, but should be carefully deliberated. Typical fishing opportunities for
both recreational and commercial fisheries would be two or three days of fish-
ing per week. The harvest rates expected under a Level 2 fishery are not quanti-
fied.

Level 3—Level 3 fisheries are the most liberal fishing seasons. Level 3 fisheries
are adopted when there are indicators of strong stock abundance and produc-
tivity. Typical Level 3 commercial fisheries would be open four days per week
and recreational fisheries four to seven days per week. In Level 3 fisheries the
daily bag limit for recreational may be increased as well. The harvest rates ex-
pected under a Level 3 fishery are not quantified.

Following a series of formal and informal consultations with fishing
groups and other interested parties, a fishing strategy was developed. Key
aspects of the strategy were that fishing regulations would be conserva-
tive to start the season and fishing opportunities would be increased or
decreased in-season depending on the results of the initial fishing.

To formalize the approach, three levels of fishing opportunity were
developed (Table 2). Prior to the fishery season, managers would make
a determination of the appropriate level of fishing to begin the season.
During the fishing season, fishery results would be analyzed and ancillary
information collected, such as density of eulachon larvae in the river. If
warranted, fishing levels would be adjusted in-season.

Preseason indicators

Prior to each fishing season, a determination of anticipated run strength
is made using a series of indicators including:

1. Parental stock abundance as indicated by fishery data. Although
the age composition of spawning eulachon has not been verified,
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managers assume that most spawning fish are three or four years of
age. By examining the catches of fish two and three years prior to the
upcoming season, a general idea of the abundance of the parental
stock can be obtained.

2. Juvenile production as indexed by larval abundance. During the
spawning season, the Columbia River and major tributaries are
regularly sampled to measure the density of eulachon larvae. By
comparing densities from year to year, an idea of the relative size
of the spawning stock can be obtained (WDFW/ODFW 2002).

Risk management

The term “risk” is used in this paper in a nontechnical, unquantified sense
to identify the probability of an undesirable outcome. In the case of the
Columbia River eulachon fishery, the undesirable outcome is stock col-
lapse (i.e., a severe decline in abundance and failure to recover [Francis
and Shotton 1997]). Much of the risk associated with this fishery is related
to uncertainty; the abundance of the stock of eulachon is unknown and
can only be evaluated through the magnitude of landings by the com-
mercial fleet. Only a portion of the fishery (the commercial fishery) is
monitored and catches measured. A substantial segment of the harvest
(the recreational fishery) is lightly monitored and catches are not esti-
mated. Commonly used indicators of fishery performance (such as CPUE)
may be uninformative or even misleading, due to factors such as patchy
distribution of fish and market saturation.

Management of the risk of fishing on the eulachon resource is based
on reduction of the amount of time fishing, either commercial or recre-
ational, that is allowed in the Columbia River system. No harvest quotas
have been established for two reasons (1) lack of a scientific basis to
specify a quota amount and (2) lack of ability to estimate the harvest in
the recreational fishery. It is unclear if the closed periods provide suf-
ficient protection to the eulachon.

One facet of the fishery management plan allows some amount of
fishing under all stock conditions. Our experience is that at lower run
sizes, fishing effort is also low. This plan allows knowledge of run size to
be gained at little expense or risk to the resource.

Conclusion

The implementation of this strategy was successful over the short term.
The fishing industry has access to the resource, even at low abundance
levels. This access provides continuity of markets and opportunity for
fishers to gauge eulachon abundance. It provides managers with needed
information at little financial cost. It appears to provide protection to
eulachon during periods of low abundance. There is a risk of foregoing
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harvest during periods of high eulachon abundance, when fisheries are
initially set at a low level. It remains unclear if the strategy is sufficiently
risk-averse during periods of low abundance.

Keys to the apparent success of this approach have been (1) starting
seasons at a conservative level that provides protection to the resource,
(2) the ability to change fishing regulations in-season, and (3) the con-
tinuing communication between the fishing industry and managers. It is
important that the managers have followed the plan and increased fishing
opportunity during the season when indicators of abundance became
favorable. This action has greatly improved industry trust in the plan.
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Abstract

Snapper (Pagrus auratus) have been a major attraction for recreational
boat fishers visiting the inner gulfs of Shark Bay, Western Australia, since
the 1970s. In the mid-1990s, despite some long-held concerns over the
high exploitation of spawning aggregations, data limitations hampered
management efforts to take action to protect snapper stocks. In 1997, a
fishery closure in the eastern gulf was overturned through public objec-
tion, lack of data being the underlying reason. From 1998 to 2002, fishery
independent estimates of mature biomass, recreational catches, and age
composition data were collected. Despite the biomass estimates being
highly variable, and the age data being scant, models yielded results con-
sistent with the available data for the three stocks of snapper in the inner
gulfs of Shark Bay. Likely trajectories of mature biomass were explored
for a range of future catch levels and these were compared to a biologi-
cal reference point, 40% of the virgin mature biomass. In 2003, based on
these assessments, a TAC (total allowable catch) was set for each snapper
stock, a significant innovation in the management of marine recreational
fisheries in Australia.

Introduction

Exploitation rates in marine recreational fisheries are an increasing
concern for Australian fisheries managers. Although such fisheries
were thought unlikely to suffer collapses akin to many of the world’s
commercial fisheries (Post et al. 2002), recent studies have shown that
overfishing by recreational fishers can deplete spawning populations and
collapse fisheries (Cockcroft et al. 1999, Cox et al. 2002). Management
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of recreational fisheries is particularly challenging because most have
unrestricted access (McPhee et al. 2002, Moore 2003), effort is generally
increasing (McPhee et al. 2002, Sumner 2003), and data such as catch,
effort, and biomass estimates are seldom available (Post et al. 2002).
Consequently, managers must make decisions on anecdotal evidence or
preliminary research data although such information is often insufficient
to secure public and political support for the measures needed for stock
rebuilding.

Shark Bay on the central coast of Western Australia (Fig. 1), particu-
larly the sheltered inner gulfs, is a major recreational fishing destination
with recreational fishing effort estimated at 35,000 to 49,000 fisher days
per year between 1998 and 2001 (Sumner and Malseed 2002). Although
recreational boat fishers catch a variety of species, the main attraction
historically has been snapper (Pagrus auratus, Sparidae), which make up
more than half the total recreational boat catch in the inner gulfs (Sum-
ner and Malseed 2001). Snapper have been abundant in the past and are
relatively easy to catch during winter (May to August) when they form
spawning aggregations.

Stock structure of snapper in the Shark Bay region is unusually
complex with little or no apparent mixing between local populations
either during the pelagic egg and larval phases or later in life (Johnson
et al. 1986; Edmonds et al. 1989, 1999; Moran et al. 1998, 2003; Bastow
et al. 2002; Nahas et al. 2003). On this basis, snapper in the Shark Bay
region are managed as four separate stocks: “oceanic” in waters outside
of Shark Bay, “eastern” in the eastern gulf, “Denham Sound” in northern
waters of the western gulf, and “Freycinet Estuary” in southern waters of
the western gulf (Penn 2002, Fig. 1). The oceanic stock supports a major
commercial fishery (managed independently under a limited-entry and
individual transferable quota system) while the inner gulf stocks (eastern,
Denham Sound, and Freycinet Estuary) are the basis of the recreational
fishery, and are the focus of this paper.

Although some commercial snapper fishing occurred inside Shark
Bay from the 1930s, commercial effort in the inner gulfs has steadily
declined since the 1960s and 1970s, and has shifted to oceanic waters
outside Shark Bay. In contrast, recreational fishing effort is thought to
have increased from the 1970s through to the 1990s (Jackson et al. 2003).
Over this period, improved vehicle access and increased use of GPS and
color sounders resulted in the increasing efficiency of recreational fishers
targeting local snapper.

By the mid-1990s, some in the local community had become con-
cerned that recreational snapper catches, especially in the eastern gulf,
had reached unsustainable levels. Proposals to introduce more strin-
gent management measures, such as reduced daily bag limits during
the spawning season, were unpopular, and not supported, as visiting
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recreational fishers make a significant contribution to the region’s tour-
ism-based economy.

High recreational catches in 1994-1996 led to heightened concerns
by managers that the eastern gulf spawning stock was seriously depleted.
In May 1997, the eastern gulf was completely closed to snapper harvest;
however, the closure was overturned after only two months in response
to public objection (Marshall and Moore 2000). The basis of the objection
was the paucity of quantitative information, and it became apparent that
estimates of stock size and recreational catch were needed to gain com-
munity support for any stock rebuilding strategy.

Since 1997, mature biomass (biomass of sexually mature male and fe-
male snapper) has been estimated using the daily egg production method
(DEPM) (Jackson and Cheng 2001). This method involves simultaneously
estimating the number of recently spawned eggs, the average weight of
spawning females, the proportion of females that spawn, the number of
eggs released by a female of average weight, and the ratio of females to
males. These estimates are combined to calculate the mature biomass. In
addition, recreational catches of snapper have been estimated between
1998 and 2002 (Sumner and Malseed 2001, 2002; Sumner et al. 2002).

Various measures have been employed to maintain or rebuild spawn-
ing stocks, including a complete prohibition on the take of snapper in the
eastern gulf (June 1998 to March 2003), increases in the minimum legal
size, protection of larger fish, reductions in the daily bag limit in Denham
Sound and the Freycinet Estuary, and a six-week spawning season closure
(August to September) in the Freycinet Estuary.

This paper describes age-structured models developed to improve
the quality of research advice to managers responsible for this important
fishery. The models explored likely trajectories of mature biomass for a
range of past and future catches. Based on these assessments, TACs were
set for the three inner gulf snapper stocks in 2003, a significant innova-
tion in the management of marine recreational fisheries.

Methods

A separate age-structured model was developed for each of the three
inner gulf snapper stocks, the details being shown in the appendix. The
virgin recruitment and the recruitment at the beginning of the data set
(1983) were estimated assuming a constant harvest rate H, set at 0.05,
up to 1983. Subsequently numbers in each age class and each year were
reduced by natural mortality and annual catches. Recruitment each year
(number of 0-year-old fish) was calculated using a Beverton and Holt
stock-recruitment relationship (SRR) with an annual recruitment devia-
tion parameter ¢ . The mature biomass at the virgin level and also from
1983 was calculated from the age composition, sexual maturity at age,
and the weight at age.
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Table 1. Estimates of mature biomass (Dy, t) and standard de-
viation (Gy) for inner gulf snapper stocks from daily
egg production method surveys, 1997-2002.

Denham Sound Freycinet Estuary Eastern gulf
Year Dy o, Dy o, Dy o,
1997 na na 842 619 12 4
1998 365 89 324 216 22 6
1999 62 24 50 13 97 22
2000 366 284 51 19 543 284
2001 142 27 19 6 95 27
2002 183 55 94 32 118 55

Estimates of mature biomass for each stock (Table 1) were obtained
using the DEPM (Jackson and Cheng 2001) from surveys conducted be-
tween 1997 and 2002. There was considerable uncertainty in biomass
estimates initially (1997, 1998) due to limited knowledge of the location
of key spawning aggregations, precise timing of spawning, and some
possible misidentification of snapper eggs.

Recreational snapper catches from the 1960s through the 1980s are
unknown apart from an estimate in 1983 for Denham Sound, Freycinet
Estuary, and the eastern gulf obtained from an aerial and boat ramp
survey (Mike Moran, Department of Fisheries of Western Australia, Perth,
Sept. 2003, pers. comm.). A catch estimate was made in 1995 in the
eastern gulf following observations by fisheries officers. Subsequently
recreational catch estimates were available from annual recreational fish-
ing surveys in the period 1998-2002 (Sumner and Malseed 2001, 2002;
Sumner et al. 2002) with total weight estimated from length frequency
data and weight at length.

Anecdotal information obtained by interviews with commercial and
recreational fishers indicated that recreational catches had increased
gradually from the late 1970s to the early 1990s and then increased rap-
idly to the mid-1990s (Gary Jackson, Department of Fisheries of Western
Australia, Perth, Oct. 2003, pers. comm.). In this assessment, recreational
catches were ramped up from 1984 to 1997 to provide annual estimates
of the catch from 1983 to 2002 (Table 2). Two other catch scenarios, low
and high, were obtained by reducing and increasing this catch by 33%
between 1984 and 1997.

The mortality of discarded fish below legal size was ignored in this
assessment as caging experiments found that release mortality of snap-
per was less than 5% in water less than 30 m depth (Jill St John, Depart-
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ment of Fisheries of Western Australia, Perth, Aug. 2004, pers. comm.) as
found in the inner gulf waters.

Age composition data were obtained from sectioned otoliths of le-
gal sized fish collected from research surveys and recreational catches.
Fish older than 12 years from Denham Sound and 14 years from eastern
gulf were allocated to 13+ and 15+ groups respectively. Fish from the
Freycinet Estuary older than 19 years were allocated to a 20+ group. The
selectivity at age v, was determined from the proportion of fish in each
age class with lengths greater than the minimum legal size of 41 cm from
1983 to 2000 and the proportion of fish in each age between the legal
sizes of 50 cm to 70 cm after 2000 (Table 3).

For each stock, the parameters were estimated using the software
AD Model Builder (Otter Research Ltd. 2000). The parameters estimated
were initial recruitment (R), recruitment in 1983 (R, 4g5), natural mortality
(M), and 20 parameters for annual recruitment deviations ¢, The virgin
recruitment R, and R,44;, were assumed to have a uniform prior. The
instantaneous rate of natural mortality M, was assumed to be constant
for all ages and to have a lognormal prior. The parameters of the SRR
were determined for the virgin stock with the steepness fixed at 0.75.
The recruitment deviation €, was assumed to have a lognormal prior
with CV =0.5.

A Bayesian procedure was used to determine estimates of uncertainty
of the mature biomass D. A joint posterior probability distribution was
generated using the Markov Chain Monte Carlo (MCMC) procedure. A sub-
set of 2,000 values from the joint posterior distribution was obtained by
saving every 1,000th from 2,500,000 cycles of the MCMC and rejecting
the first 500 generated during the “burn in” period.

The mature biomass after 2002 was determined using the subsample
from the joint posterior distribution for each of the three catch scenarios
and various levels of TAC in the future. The recruitment determined from
the SRR was multiplied by the exponent of the annual recruitment devia-
tions randomly sampled from a lognormal distribution with mean zero
and variance taken as that from the historical annual recruitment devia-
tions. From the marginal posterior distribution of mature biomass, the
mode and 95% confidence intervals were determined. TACs in the future
were evaluated by determining the proportion of values in the distribu-
tion of mature biomass that were above the biological reference point,
i.e., 40% of the virgin mature biomass for each year, stock, and each of
the three catch scenarios.

Results

Virgin recruitment was highest in Denham Sound and lowest in Freycinet
Estuary (Table 4). For each stock, the low-catch scenario resulted in a low-



38 Stephenson and Jackson—Managing Depleted Snapper Stocks

Table 4. Model estimates of virgin recruitment R (thousands of fish),
with standard deviations o, for the three catch scenarios (low,
medium, and high) for inner gulf snapper stocks.

Denham Sound Freycinet Estuary Eastern gulf
Low Medium High Low Medium High Low Medium High

R 33.83 34.71 36.39 9.92 11.17 12.71 19.78 42.55 26.58
cp 18.22 16.72 16.36 1.34 1.48 1.76 8.00 11.05 10.74

est virgin recruitment and the high-catch scenario resulted in a highest
estimate of virgin recruitment.

The estimated natural mortality (M + 1 sd) was lowest in Freycinet
Estuary (0.08 + 0.01) and higher in Denham Sound (0.18 + 0.08) and the
eastern gulf (0.19 + 0.04). There was little variation between the three
catch scenarios for each stock.

Modeled age composition (Fig. 2) generally fitted the observed data
for the three stocks. Relative recruitment, with a mean of one, exp(ey)
indicated a strong recruitment in Denham Sound in 1989-1990 corre-
sponding the 7- and 8-year-old age classes in 1998 (Table 5). In Freycinet
Estuary there appeared to be a strong recruitment in 1985, correspond-
ing to strong 12-year-old and 13-year-old age classes in 1997 and 1998
and strong recruitment in 1989-1990 corresponding to the 8-year-old
age class in 1998 and 1999 and the strong 10-year-old age class in 2001.
In the eastern gulf the model indicated strong recruitment in 1989 and
1997 corresponding to the 11-year-old age class in 2001 and 5-year-old
age class in 2002. The values of relative recruitment, exp(ey) are 1.0 after
1999 as there is no information in the age composition data until 2-year-
old fish enter the fishery.

The agreement between estimated mature biomass and DEPM es-
timates varied greatly between years (Fig. 3). In Denham Sound, there
was good agreement in 1999, 2001, and 2002 and the model indicated
that the mature biomass in 1993 had been reduced to 34%, 33%, and
32% of the virgin level for the low, medium, and high catch scenarios,
respectively. For the low, medium, and high catch scenarios, the model
indicated that the spawning stock recovered to 62%, 55%, and 53% of the
virgin level in 2002.

In Freycinet Estuary, there was agreement between DEPM and model
estimates of mature biomass in 2002, but DEPM values were much higher
in 1997 and 1998 and considerably lower in 1999-2001. In the Freycinet
Estuary, mature biomass was estimated to have declined to 30%, 28%,
and 27% of the virgin level in 2002 for the low, medium, and high-catch
scenarios, respectively.
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age composition for Denham Sound (A), Freycinet Estuary (B), and
eastern gulf (C) derived from samples collected between 1997 and
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40 Stephenson and Jackson—Managing Depleted Snapper Stocks

Table 5. Annual relative recruitment exp (sy), and standard deviation
(Gexp@) for the three inner gulf pink snapper stocks Denham
Sound (A), Freycinet Estuary (B), and eastern gulf (C).

y 1983 1984 1985 1986 1987 1988 1989 1990

A exp(e,) 0.7z1 080 1.05 0.55 0.78 089 1.83 1.70
cexple,) 0.30 0.32 041 0.19 0.22 0.21 030 0.24
B exp(e,) 1.08 1.10 1.69 0.84 1.08 196 277 2.25
cexp(e,) 0.28 0.27 033 0.19 0.21 0.28 0.32 0.26
C exp(e,) 1.03 091 1.13 1.28 0.60 0.94 1.75 1.44
cexp(e,) 0.48 042 050 0.44 0.22 0.26 0.34 0.24

y 1991 1992 1993 1994 1995 1996 1997 1998 1999

A exp(e,) 1.04 1.12 1.19 1.32 1.59 1.24 092 045 0.96
cexpl(e,) 0.13 0.13 0.15 0.20 0.28 0.25 0.22 0.17 0.46
B exp(e,) 095 0.57 063 041 059 0.70 0.60 1.21 1.01
cexple,) 0.14 0.09 0.09 0.07 0.10 0.16 0.17 0.51 048
C exp(e,) 1.10 0.72 0.38 044 0.76 1.28 3.69 1.09 1.04
cexp(e,) 0.17 0.11 0.07 0.08 0.16 033 1.38 0.53 0.50

In the eastern gulf the mature biomass estimates agreed with DEPM
estimates in 1999, 2001, and 2002, especially for the low-catch scenario.
The model estimate did not agree with DEPM values for 1997, 1998, and
2000 (Fig. 3). The estimated mature biomass appears to have declined
rapidly from 1994, reaching a minimum in 1998 of 24%, 27%, and 28% of
the virgin level for the low, medium, and high-catch scenarios. The stock
has since recovered, after the snapper fishery closure in June 1998, to
47%, 53%, and 54% of the virgin level in 2002, for the three catch sce-
narios.

The mature biomass in each of the 2000 draws from the posterior
distribution was used to calculate the probability that the mature biomass
was above the biological reference point for each stock with different
future TACs (Fig. 4). Level of future TACs was discussed with local stake-
holders, including a closure to snapper fishing in the Freycinet Estuary. It
was decided to set low TACs for each of the inner gulf stocks, 10 t in Den-
ham Sound, 15 t in Freycinet Estuary, and 5 t in the eastern gulf. With the
allocated TACs, the probability of achieving the target would be 0.90-0.94
in Denham Sound and 0.02-0.03 in Freycinet Estuary depending on the
past catch scenarios. In the eastern gulf, the probability of achieving the
target was 1.0 of all three past catch scenarios. With the low past catch
scenario, the initial stock size was estimated to be smaller, the current
stock status more optimistic, and the expected rebuilding slower. With
higher historic catches, the initial stock size was estimated to be higher,
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the current status more pessimistic, and the rebuilding correspondingly
more rapid.

Discussion

Managers of Australian fish stocks that are highly vulnerable to over-
exploitation by recreational fisheries are usually faced by acute data-limi-
tations. Although strong anecdotal evidence of stock depletion may exist,
attempts to take remedial management are often strongly challenged by
stakeholders if quantitative information on stock size and catch levels are
uncertain. However, fisheries scientists are typically faced with the reality
of synthesizing the limited available data, however poor, and providing
timely advice to fishery managers and stakeholders. The assessment of
snapper stock status in the inner gulfs of Shark Bay presented here is
the first formal assessment of a primarily recreational finfish fishery in
Australia.

Concern in the mid-1990s that inner gulf snapper stocks may be over-
exploited led to a period of intensive data collection between 1997 and
2003. Although data for these years were available, catches are poorly
known for most of the fishery history, except for a single boat ramp catch
survey conducted in 1983. Despite this considerable limitation, an evalua-
tion of the stock status was possible by assuming a plausible exploitation
rate prior to the first catch estimate and then making “guess-estimates”
of the annual catch, with considerable variation, for the period before
survey data become available in 1998. Provided that the current catches
and recent biomass estimates are realistic, the level of past catches were
shown not to be critical in the medium term (5 years). If estimated his-
toric catches were lower, the model indicated an optimistic current stock
level, and a slow increase in mature biomass when the TAC was reduced.
Conversely, if past catches were assumed high, the modeled current ma-
ture biomass was lower, and increased more rapidly when catches were
reduced. This result indicates that lack of reliable past catch information
need not be a reason for delaying analysis of stock status.

During the period when the take of snapper was totally prohibited in
the eastern gulf (June 1998 to March 2003), recreational fishing for other
species continued. This resulted in an estimated 11,000, 10,000, 7,000,
and 11,000 snapper being caught and released in 1998, 2000, 2001, and
2002, respectively (Sumner and Malseed 2001, 2002; Sumner et al. 2002).
Reduction in daily bag limit and an increase in the minimum legal size in
both Denham Sound and Freycinet have increased the discarding of un-
dersized fish. This could lead to the assessment being overly optimistic.
The recent quantification of snapper handling mortality (Jill St John, De-
partment of Fisheries of Western Australia, Perth, Aug. 2004, pers. comm.)
will allow discard mortality to be incorporated in future assessments.
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Figure 4. The probability of achieving the target, i.e., the mature biomass
being above 40% of virgin level, in 2007, for various TACs (total
allowable catch) in Denham Sound (A), Freycinet Estuary (B), and
eastern gulf (C). The higher probability ogive is for the low-catch
scenario, the middle ogive for the medium catch scenario, and the
lower ogive for the high-catch scenario. Vertical lines illustrate the
TAC set in 2003 for each stock.

Although there are estimates of mature biomass from DEPM surveys
from 1997 to 2002, our knowledge of the current biomass is still limited.
The DEPM estimates in 1997 and 1998 were obtained with limited knowl-
edge of the extent of the spawning grounds, together with some difficulty
in snapper egg identification. In Denham Sound non-snapper eggs may
have been inadvertently included in the analysis, with egg counts over-
estimated by as much as 40% in some cases. Before any future assess-
ment there is a need to repeat the egg counts and reanalyze the results
for these years. In addition, the DEPM data in later years are inconsistent
with large variation between years. Clearly, the mature biomass in the
eastern gulf could not have varied from 97 t in 2000, to 540 t in 2001 and
then 95 t in 2002. Although the early biomass estimates are considered
to be poor, their high standard deviations reduce their weight in the log-
likelihood in this analysis.

The TACs set in 2003 were designed to be sufficiently conservative
to remain in place for a 3-year period. Mature biomass estimates will be
determined from DEPM surveys in 2003 and 2004 and recreational catch
surveys will be conducted in 2003 and 2004. These data will enable evalu-
ation of the biomass trajectories of this assessment and assist in review-
ing TACs for the period 2006-2009. In addition, the assessment model
can be used to evaluate the extent to which age composition samples and
future DEPM surveys are likely to reduce the uncertainty of future mature
biomass estimates.

The fisheries of the inner gulf of Shark Bay are small and geographi-
cally isolated, and have been fished heavily for many years. They have
special importance in Western Australia, as they are in a World Heritage
Area and are a popular destination of recreational fishers. When anecdotal
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information from fishers indicated the stocks were overfished, managers
had difficulty taking remedial action due to the paucity of information.

This scenario is typical of many small coastal recreational fisheries,
which would generally not have a complete catch history. This study
indicated that with little historic catch data and a research program last-
ing just 5 years, an assessment of the state of the stock is possible. The
model was able to provide visual representations of possible stock levels
that were useful in focusing attention on the key issues, and assisted
managers and stakeholders in the decision-making process.
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Appendix 1.

The number of snapper in the fishery at the start of year y are determined
by:

ifa=0
y
N° = (NS ™M _C )e‘°'5M ifo<a<A
a+l,y+1 a,y ay
(N S eMM_C 4NS e -C, y) e 05M ifa=A.

The proportion of females mature at age a is

-1
a-a,
—1n(19)[¢]
90.95~%.5

p, = l+e

The biomass of spawning females (t) S, at the end of the year is

A
_ f
S, = ;prawa.

The number of snapper (thousands), at unfished equilibrium, the initial
state, is

(l—p)R..e‘“M ifs=male andO<a<A
N Init

Na+1,init= pR. e,aM

) if s=female and 0<a<A.
nit

The number of 0-year-old recruits in each year is

S

R =—>
" g+ BS

The stock-recruitment parameters o and B were calculated from the pro-
portion of R, that recruits when S, is 20% of the virgin level (Hilborn et
al. 1994),

where:

init

0.8h 0.8hR

init

e S (1192) ana g fb2 |

init
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The number of snapper (thousands), in 1983, the start of the data set is

. (1—p)R1983(1—H)e‘“M ifs=male andO<a<A
a+L1983 pR1983(1—H)e’“M ifs=female andO<a<A.

The number of recruits at the beginning of subsequent years is given
by

R, y =1983
=R €” 1988 < y <2002
. 2
R " y >2002.

The number of fish caught is

C =N:e™MFyWw.
Yy a,y y a a

a,

The estimated mature biomass at the end of year is

R A
Dy = 2 ZN;.y pa Wa'

s=m,f a=0

The logarithm of the likelihood function associated with the mature bio-
mass observations is

~A \2
)3 (Dy B Dy)
Dyyexists

Ao 2(vaDy)2

The model estimated proportion at age is
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s
Nﬂ,y

P, =—%
22N,

s a=0

The logarithm of the likelihood function associated with age samples
(ignoring constant terms) is

A
A= 2 Ky;pa’ylog(f)u’y).

y
sample exists

The annual recruitment deviation in each area is assumed to be lognor-
mally distributed with CV = 0.5. The contribution to the logarithm of the
likelihood function is

The natural mortality M was assumed to have a lognormal prior with
CV = 0.2 mean 0.12. The contribution to the logarithm of the likelihood
function is

The total log-likelihood, A=\ |~ A, - A, - A, was minimized using AD Model
Builder to estimate the parameters Ry, V_,and €.

Meaning of symbols

R,  estimated number of O-year-old fish at unexploited equilibrium.
N% ;. number of fish of sex s, and age g, in the initial year.

H exploitation prior to 1983.

N%,,,; number of fish of sex s, age a, in year y.

Fy exploitation rate in year y.

v, proportion of vulnerable snapper of age a.

Cy catch (t) in year y.

Ca,y catch in numbers at age a in year y.

D biomass of sexually mature snapper.
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biomass of sexually mature female snapper.
maximum age.

parameters of the stock recruitment relationship.
steepness of the stock recruitment relationship.
proportion of snapper mature at age a.

ages when 50% and 95% of fish are mature.
proportion of females in the population.

recruitment in the fishery from the stock recruitment relation-
ship.

annual recruitment deviation for year y.

observed proportion at age in year y.

model estimated proportion of fish at age a, in year y.

number of fish in the age composition sample.
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Abstract

The weathervane scallop (Patinopecten caurinus) fishery in Alaska pro-
vides a case study of fishery resource management in a data-limited
situation. The fishery progressed through several developmental phases
since its inception in 1967. During the early years, the fishery was virtu-
ally unregulated. Harvests declined by the mid 1970s due to localized
depletion of large scallops, establishment of closed areas to protect crabs
and their habitats, and loss of product markets. Improved stock condi-
tions and favorable seafood prices led to rapid growth of the fishery and
concerns for overfishing in the late 1980s and early 1990s. Prior to 1993,
the fishery was passively managed without a management plan. Since the
mid 1990s, the fishery has been managed under state and federal fishery
management plans (FMPs) that contain a suite of precautionary manage-
ment measures including a limited entry program that prevents addi-
tional capitalization, conservative area-specific catch quotas to safeguard
against recruitment overfishing, gear and crew size restrictions in part to
prevent growth overfishing, and strict bycatch controls and area closures
to minimize adverse fishing effects on large epifauna (e.g., crabs) and
their habitats. A small fleet prosecutes the modern fishery; some vessels
operate as a fishing cooperative to optimize harvest allocations among

Contribution PP-237 of the Alaska Department of Fish and Game, Division of Commercial Fisheries,
Juneau.
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participants and minimize operational costs. A mandatory industry-
funded onboard observer program collects data for fishery management
and assures regulatory compliance. A combination of state, federal, and
industry funding supports a small, ongoing research program to address
extant data limitations.

Introduction

This paper describes the weathervane scallop (Patinopecten caurinus)
fishery in Alaska as an evolving case study of fishery management with
limited data. There were periods when landings statistics were the only
data collected. Even today, there have been no full stock assessments of
weathervane scallops in Alaska. Estimates of abundance, and therefore
exploitation rates, remain unknown and biological reference points are
still being developed. The evolution of this fishery reflects a rather tight
coupling between development of data acquisition programs, fishery in-
novations, and management actions based on new data. Management is
complicated by jurisdiction by the State of Alaska in state waters (<5.6
km from the coast) and federal jurisdiction in the exclusive economic
zone (5.6-370.4 km offshore). However, even in this regard, state-federal
management has evolved over time in attempts to improve efficiency
and coordination of management actions. The fishing industry has been
active to fund data collection and to help shape the current management
regime. The current fishery is believed to be managed conservatively and
is prosecuted by a fleet that is not overcapitalized. However, the colorful
history of this scallop fishery includes the stages of development typical
of most fisheries: discovery, bandwagon growth, fallback, and evolution-
ary development (Walters 1986). Kaiser (1986), Kruse (1994), Kruse and
Shirley (1994a), Shirley and Kruse (1995), Kruse et al. (2000), Turk (2000),
and Barnhart (2003) reviewed various aspects of scallop fishery history in
Alaska. From these accounts we synthesize the interconnections among
historical fishery development, chronology of management actions, and
evolution of data collection methods to reduce levels of data limitation.

Weathervane scallops are distributed along the west coast of North
America from central California to the eastern Bering Sea, and west to the
Aleutian Islands (Foster 1991). Their depth distribution spans 0-300 m,
but commercial densities generally occur at 46-128 m (Ronholt et al.
1977) on discrete beds, typically oriented with bottom currents that
parallel bathymetry (Fig. 1). Beds may be composed of a wide range of
substrates (Hennick 1973), but spatial analysis of sediment charts and
fishing effort data indicates that scallop beds are typically associated with
clayey silt, sand, and gravely sand sediments (Turk 2000). Most scallops
mature at 76 mm shell height (SH), which is attained by age 3 or 4 years
depending on area (Hennick 1970, Kaiser 1986, Ignell and Haynes 2000).
The largest recorded Alaska specimen measured 240 mm SH with an
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Figure 1. Map of the principal fishing grounds for weathervane scallops
(solid black) in the Gulf of Alaska, Aleutian Islands, and Bering Sea,
as indicated from onboard observer data. Small vessels without ob-
servers also harvest weathervane scallops from beds in Kamishak
Bay, an embayment north of Kodiak Island on the western side of
lower Cook Inlet in the central region. The dotted line shows the
200 m isobath.

adductor meat weight of 340 g, and the oldest specimen was 28 years old
(Hennick 1973). Estimates of instantaneous natural mortality (M) range
from 0.04 to 0.25, with median of 0.16, corresponding to 15% annual
mortality (Kruse 1994).

In the current fishery, weathervane scallops are generally harvested
by vessels towing two New Bedford style dredges. Dredges consist of
a rectangular metal frame, typically 4.57 m wide weighing 1,180 kg
(Barnhart 2003). An exception is a small scallop fishery in lower Cook
Inlet where vessels are required to use a single 1.8 m dredge weighing
408 kg. Steel “shoes” on lower corners of the frame serve as runners on
the seafloor. Attached to the frame is a bag made of 10.16 cm steel rings
connected by chain links. A sweep chain footrope is affixed to the bottom
of the bag. The top of the bag is composed of 15.24 cm polypropylene
stretched mesh. A “club stick” (metal bar) is attached to the end of the
bag to retain the shape of the ring bag and provide an attachment point
for lifting and emptying its contents.
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Weathervane scallops are shucked; only the single adductor muscle
is retained. Scallop meats are 8-12% of total live weight, depending on
area and season (Barnhart and Rosenkranz 2003). Meats are graded by
size and sold to domestic seafood markets. Early attempts to market
scallop mantles and gonads were unsuccessful, and even today a product
with roe, which is highly desirable in European markets for some other
scallop species, is not prepared from weathervane scallops partly due to
concerns about paralytic shellfish poisoning in Alaska.

Fishery history
Initial fishery development (1967-1973)

The U.S. Bureau of Commercial Fisheries (later named National Marine
Fisheries Service, NMFS) explored the distribution of weathervane scal-
lops in Alaska during periodic surveys since 1953 (see Table 1 in Haynes
and Powell 1968 and Appendix 3 in Turk 2000). Beds were located by
scallop dredge surveys and analysis of scallop bycatch from groundfish
trawl surveys. Despite these early efforts, it was not until 1967 that
loss of fishing opportunities associated with declines of red king crab
(Paralithodes camtschaticus) catches led to the first establishment of a
small fishery (2 vessels) off Kodiak. During 1967 and part of 1968, scal-
lops were delivered live to shoreside processors; however, this proved
uneconomical and scallopers began delivering shucked scallop meats to
processors for packaging and freezing (Kaiser 1986). In 1968, 19 vessels
harvested 761 metric tons of scallop meats from the Yakutat and Kodiak
management areas combined (Fig. 2). The fleet included numerous ves-
sel types, including specialized vessels from New England and Alaskan
fishing vessels converted from fisheries for crabs (pots), salmon seiners
and gillnetters, halibut longliners, and shrimp trawlers (Kaiser 1986).
The fishery peaked in 1969, when 19 vessels harvested 839 t of scallop
meats. Thereafter, interest in the fishery began to wane perhaps due to a
combination of weaker markets, high operating costs, and loss of crews
who were attracted to higher paying jobs with the construction of the
Alaska oil pipeline (Turk 2000). During 1970-1973, just 5-7 vessels landed
an average of 527 t annually. Those remaining in the fleet were the most
efficient vessels with capabilities to fish both in the day and night—ves-
sels that measured 27-30.5 m in length and towed two 3.7-4.3 m wide
dredges weighing 725-910 kg each (Hennick 1973). Shucked scallops were
washed, placed in 18 kg cloth bags, and iced in the vessel’s hold. Dur-
ing these early years, all scallop fishing was confined to the Kodiak and
Yakutat areas, and catches were delivered to shoreside plants in Kodiak
and Seward, Alaska.

Commercial landings statistics were collected since the inception of
the fishery. Early data were limited to landings statistics, except during
1969-1972 when a small voluntary observer program involved a few
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cooperating vessels (Hennick 1973). Observer data included age, sex,
maturity, size, fishing area, days fished, catch rate, tow length, depth,
bottom type, catch and bycatch, and damage to caught species. These
data showed that the percentage of scallops >7 years old in the catch
declined from 74%-96% in 1968-1970 to 39%-71% in 1971-1972, reflecting
the typical fishing-up effect (Walters 1986). Observer data showed that
Dungeness crab (Cancer magister) appeared seldom as bycatch. One to
four red king crab were caught per tow, and these rates varied by area
(none off Yakutat) and season (highest in spring when king crabs migrate
inshore to molt and mate). An average of 20-40 small (2.5-8 cm carapace
width) Tanner crabs (Chionoecetes bairdi) were caught per tow (Hennick
1973).

From its inception, the Alaska weathervane scallop fishery was man-
aged by the State of Alaska. During 1967-1968, no areas were closed to
fishing, all gear types were allowed, and the only regulatory requirements
were the purchase of a vessel license and commercial fishing license (Kai-
ser 1986). Although some concerns were expressed about harvest levels
as early as 1970, most management concerns revolved around potential
fishing effects on bycatch of fish, other shellfish, and their habitats. In
1969, the state regulatory body, Alaska Board of Fisheries (BOF), created
time and area closures in selected waters off Kodiak Island and the Alaska
Peninsula to protect molting and mating king and Tanner crabs. Regu-
lations were based on crab bycatch data collected by observers. These
regulations were renewed and modified annually until a June 1-March 31
scallop fishing season was established in 1971 for portions of the Kodiak
fishing district. Few regulations were imposed in other areas of the state,
except for portions of Cook Inlet where seasons and closed waters were
also established. Gear was restricted to longlines, trawls, and dredges,
and after June 1, 1969, dredges were required to have rings >102 mm
diameter (Kaiser 1986).

Fallback phase (1974-1979)

The fishery steadily declined after 1973 (Fig. 2). Landings averaged just
139 t during 1974-1977 and no landings were reported in 1978. All har-
vests were taken near Kodiak and Yakutat. The geographic range of fish-
ing trips was limited because fresh scallops were accepted only if they
were caught less than 10 days prior to delivery; portions of catches were
often discarded due to decomposition (Turk 2000). In the early to mid
1970s, vessels conducted numerous, generally unsuccessful, exploratory
cruises in attempts to boost landings to prior levels (Hennick 1973). The
decline in this period of the fishery was attributed to multiple causes:
(1) area closures and season restrictions that reduced fishing opportuni-
ties; (2) limited distribution of scallop beds off Kodiak and Yakutat; (3)
unreliable and generally declining prices paid by processors for landed



Kruse et al. —Weathervane Scallop Fishery in Alaska

56

‘pazireridediaao
SB paJapIsuod AI1dysiq

‘seale
dUWIOS 10} SUIDUO0D SUIYSIFIDA0
‘9SeaIdUl SIZIS MAID pue

[9SS?A ‘punos Wel[[IM ddULld WO

‘WNLIoeIoW [3SS?A [qIssod
J10J PaIpN1s BIep DIWOU0Id AIdYSI]

‘yd1edAq ur sannfur qerd uo siseyduwa

Al1eq "yd1edAq pue ‘AI3A0D31 Jeaw
“31am ‘WSBI9Y [[9YS ‘98e U0 PIIIS[0D
eled (€66 1) suels werdold 19AI135q0

‘suoseas 3uIysiy pue

‘SUOTIDLIISAI 1828 MaU “(SYHD)

saguel 1saAtey aulPpIng

J1j109ds-eate ‘seale uonesigal

Suipnput ‘dig sidope a1eis 7661
‘pauueq saulydew Juppnys

*SHIWI[ Yd3edAq qeld ‘Syul|

M1 urpnpaul (£661) N4

wiaul sydope 91e1S "pate[ddp

S9U21.D 1SI1J ‘91e[edSa Saydle) pleoquo papunj-Ansnpul Alo1epuep A1aysiy Suidiaws 1edwl-y3iH €661-0661
*S9seaIDUI
9ZIS [9SSIA UBIJN "BaS Julidg pue ($861)
'S "INJ[Y “19[U] 00D ‘BySe[V IS 01 Aeg yeysiwey Ul paldnpuod AdAINns
spuedxs pue sdo[aAdp-al AIdysi] 1S11{ "S9NUNIU0D (A[UO) e1ep 1921 YSi] "uol1d® Mdu ON 6861-6/61
'8/61 Ul 0I3Z 0} dUI[IIP ‘pPaNuUNIUOISIP
S[3SS9A pue ‘IndD ‘sSulpue] sweldold Surjdwes pue sAdAIng ‘uol1d® Mau ON 8/61-€/61
'S 0161 Woiy "Yo1edAq
QUI[D3P S[ISSIA ‘SPaq PaYSI woaj pue ‘AI9A0291 JedW ‘AjLInjew Je 9ZIS 'Seale PISO[d pue ‘Suosess ‘1ead
paia1dap sdojeds yeinyex pue  ‘ydram ‘WSI9Y [[dYs ‘98 129[[0d> werdord apnpdoul suone[ngal aAlssed
YeIpoY Jjo sdo[aAap A1dysiy [[nd gurdwes pieoquo [[ewS pue AdAINs duQ 'suIgaq yudwadeuew Iels 2/61-8961
"yerpoy jjo Juawdo[aA3p
s3ulpue| [BIDIWIWOD [[BWS 1SII{  "pareniul (S19yd11 Ysij) aseqeiep s3uipue] A1dysyy ajowoad sadUIY /961
'SAdAINS WOJJ “(dIND)
‘QUON uonnqLIISIp pue aduepunge sANeRY ue[d juswadeuew A19Ysij ON 9961-€S61
a3e1s A1aysiq uonisinboe vleq uonde Juswadeuep JIed 4

*Z00Z-2961 3uLmp

sage)s [eyuawdo[dA3p A13ysy do[[eds dueAIdyleam pue ‘uonisinboe ejep QusawSeuew L13ysy Suowe syUry ‘1 dqeL



57

Fisheries Assessment and Management in Data-Limited Situations

‘punos WerIm 3duLld = SMd
‘pra1A wnwndo = X0
‘PIOIA d[qeUIRISNS WNWIXEW = AS

a8uel 1saAIey JuIPPINS = YHO
‘ue[d yuswageurw A1RYsY = dN

"'paisaAIey YHO [[€ 10U ‘S[ISSIA

‘wreadold JUsuISSasse

[e101 g 01 s[[ej uonednred 3201s 09pIA 10[1d ® JO JUdWYSI[qeIsT 98ueyd ON 1002

‘Ansnpul Aq pawioj 3A1e12dood ‘Aeg yeysiwey 10J pado[aA3p ‘paroidde (weirdoxd uoneyrwi|
gurysiy ‘sredonaed s[assaaA / [9POW JUIWISSISSE Pa.INIdNIIS-33y 9SUIDI|) ¥ JudWwpuawWy JdN4 0002

‘pasoidde (yeliqey ysiy
‘3[qe1s sSuIrpue| [[BI2AQ *a8ueyd oN [BIIUISS?) S JUBWPUIWY JINI 6661

‘paaoadde (A0 pue

‘ASI ‘SUIYSIJI2A0 JO UOTIIULDP)

9 yudWIpuUdWY dN "91e1s

01 pa1e33[ap 1udWIZeuew
'3[qe1s s3urpue| [[BISAQ *ag8ueyd oN ‘paroadde ¢ yuswpudwy JW4 8661

*SI91eM d)elS

J10J paysI[qe1ss wnriojeiow

[9SS9A pue ‘paysI[qe1sa

*SYS1y Jo jrey inogqe 1e sazIjiqels (S131em [elapa) 10J wnLIojelow
1S9AIRY ‘AjI[enb S[9SS3A Q1 *a8ueyd oN [9SS3A) g yuawpuawy dind 1661

'sded ‘suone[ngal ajels

[21edAq AQ pauleIISuU0d SI 1S9AIRY ‘pue[s] YeAey pue Aeg [311eled suone[ngal [elapay
B3§ 3uLIag "Sawnsal AIdYSI] NeYSIWeY Ul pawnsal SA3AINS dUNINOY ‘paaoidde T Juswpuswy dW4 9661

'SMd Ul ¥HD 30 %00¢

SI [21ed pue ‘suolle[ngal aels ‘(SMd) Pue[S]  “AI3YSIJ S9SO[d JINH [BIS9P3) pue
SpP10A® “191S183.J 10U S0P [9SSIA [ yeAey Jjo palonpuod Adains dojreds a[nI Aduadiawa sidope SIAN S661
9ge1s AIdysiq uonisinboe eleq Uolde JusWadeuR JTeax

(‘penunuo)) '1 3qeL



58 Kruse et al. —Weathervane Scallop Fishery in Alaska

900 20
800 - - 18
700 - - 16
600 - - 14 »
= 12 3
< 500 - %
S L 10 2
5] >
S 400 4 @
-8 o
300 - 1S
- 6 2
200 - L 4
100 L 2
0 : : 2 : : : : : : 0
1966 1970 1974 1978 1982 1986 1990 1994 1998 2002

Year

—e— Catch —©O— Number vessels

Figure 2. Numbers of participating vessels and reported landings (metric
tons) of weathervane scallop meats in Alaska during 1967-2002.
Scallop meats account for approximately 8-12% of the total (round)
weight of harvested scallops, depending on area and season (Barn-
hart and Rosenkranz 2003). Landings are confidential and are not
shown in years when fewer than three vessels participated in the
fishery.

scallops in the early to mid 1970s (Fig. 3); and (4) increasing operational
costs (Kaiser 1986).

Aside from landings statistics, virtually no biological and fishery data
were collected during 1973-1978, a severely data-limited period. The ob-
server program was discontinued owing to limited agency funding. Age
composition data are unavailable, with the exception of one sample from
the east side of Kodiak in 1975 which showed the continued predomi-
nance of young scallops (Kaiser 1986). In 1979, limited size composition
data were collected, and catch rates were similar to previous historical
averages (Kaiser 1986).

During 1973 and 1975, the BOF closed additional areas near Ko-
diak to scallop dredging, and fishing seasons were shortened to July
16-March 31 to afford greater protection to molting and mating crabs
in late spring—early summer (Barnhart 2003). However, other portions
of the Kodiak area and other areas of the state remained open to scallop
dredging year-round.
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Figure 3. Estimated landed value and ex-vessel price (price paid to fishermen
by processors) of weathervane scallops in Alaska during 1967-
2002. Value and price have been adjusted to 2002 dollars based
on the Consumer Price Index-Urban Research Series available from
the U.S. Department of Labor, Bureau of Labor Statistics. Landings
are confidential and are not shown in years when fewer than three
vessels participated in the fishery.

Redevelopment phase (1980-1989)

Renewed interest in the Alaskan weathervane scallop fishery in the 1980s
was partly attributed to both significantly improved prices (Fig. 3) and the
overcapitalized Atlantic sea scallop (Placopecten magellanicus) fishery in
New England, where numbers of U.S. vessels increased from 44 to 200
during 1975-1979 and landings declined 22% over 1978-1981 (NEFMC
1982). These same factors led to a boom-bust fishery off the Oregon coast
in which 532 t of scallop meats were harvested in 1981 by 118 vessels;
approximately 20 of these vessels were nonresident (Starr and McCrae
1983). Subsequent Oregon landings have been very small (Bourne 1991).
During 1980-1983, Alaska landings increased from 280 t to 414 t in 1980-
1982 (Fig. 3) despite declining participation (18 to 5 vessels). During
1984-1989, an average of 6 vessels delivered 247 t annually.

Vessels became increasingly specialized (Shirley and Kruse 1995). In
1983, vessels earned 60% of their incomes from scallops, the remainder
coming from landings of crabs, shrimps, clams, herring, salmon, halibut,
and other groundfish. By 1989 scallops accounted for 85% of total fishery
earnings by vessels participating in the scallop fishery. Mean vessel size
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increased; during 1983-1987, the percentage of small (<18 m), medium
(18-31 m), and large (>31 m) vessels averaged 49%, 34%, and 17%, respec-
tively (Kruse and Shirley 1994b). By 1988-1989, there were 64% medium
and 36% large vessels with no small vessel participation.

In the 1980s, harvests were first taken from areas outside of Yaku-
tat and Kodiak including Southeast Alaska (1980), Alaska Peninsula and
Dutch Harbor (1982), Cook Inlet (1983), and Bering Sea (1987). During
the 1980s, Kodiak scallop beds still contributed most (44%) to statewide
harvest, followed by the combined Alaska Peninsula-Aleutian Islands
(mainly Dutch Harbor and Adak) areas (31%), Yakutat (22%), Bering Sea
(2%), and the central region (1%), composed of Prince William Sound (near
Kayak Island) and Kamishak Bay (west side of lower Cook Inlet). The fish-
ery was lucrative. Mean landings and ex-vessel value (i.e., the price paid
for fishery landings) of scallops per vessel increased from 35.0 t worth
US$0.57 million in 1980 to 74.7 t worth US$0.86 million in 1987. Through
the 1980s, scallop fishermen continued to ice scallop meats in 18 kg bags
for delivery to shoreside processors for freezing and distribution (Turk
2000). Scallop product quality and prices remained variable owing to the
length of fishing trips. Mean (inflation-adjusted to 2002) prices declined
from $16.40 per kg in 1980 to $11.95 per kg in 1989.

The years 1980-1989 were severely data limited—only fish tickets
(i.e., records of landings purchased by processors from fishermen) and
commercial operators’ annual reports (i.e., annual reports submitted by
seafood processors which include processed product forms and seafood
prices) were collected with one exception. In 1984, the first ADFG scallop
survey was conducted in Kamishak Bay. The Alaska fishery remained pas-
sively managed with miscellaneous regulations concerning gear, fishing
seasons, and closed areas. All Alaska waters were managed as a single
registration area.

Bandwagon growth phase (1990-1993)

Harvests tripled from a mean of 224 t per year in 1983-1989 to 649 t
per year in 1990-1993. The 1992 harvest of 737 t, worth US$8.1 million
(2002 dollars), was the second largest in the history of the fishery. That
year, mean ex-vessel value of scallop landings exceeded $1 million per
vessel. The 1993 harvest of 694 t worth $9.7 million (2002 dollars) was
the most valuable in the history of the fishery to date. During 1990-
1993, participation increased from 9 to 15 vessels. Vessels were fully
specialized, earning 100% of their fishery incomes from scallops (Kruse
and Shirley 1994b). Mean vessel size increased 85% from 18.5 m in 1983
to 34.3 m in 1991 (Shirley and Kruse 1995). As vessels became larger
and more specialized, crew sizes increased. In the early 1980s average
crew sizes were 5-8 persons depending on area, but by 1993 all vessels
except the smallest carried 12-person crews (Shirley and Kruse 1995).
Automatic shucking machines were first used in 1991. Automatic shuck-
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ing machines and larger crews facilitated economical processing of small
scallops (Kruse and Shirley 1994b). During 1990-1993, most vessels
installed onboard freezing operations to assure consistent, high-quality
product. Partly as a result, ex-vessel prices increased $1 per kg during
these three years.

As fishing effort shifted to new areas and harvests approached his-
torical highs that were not sustained, conservation concerns developed.
In 1992, ADFG released a draft interim FMP for public comment (Kruse et
al. 1992). In 1993, ADFG declared the fishery to be a “high impact emerg-
ing fishery’—a State of Alaska designation applicable when at least one of
four conditions are met: (1) harvesting effort recently increased beyond
a low sporadic level; (2) the resource is harvested by more than one user
group; (3) harvests approach levels that may not be sustainable; and (4)
the BOF has not developed comprehensive regulations to address conser-
vation and allocation issues. ADFG found that these conditions applied.

The interim FMP included a broad goal to maximize overall long-term
benefits of scallop resources, while providing for conservation of scallop
populations and their habitats. Five objectives were to: (1) ensure long-
term viability of scallop populations; (2) minimize adverse effects on ben-
thic species and habitats; (3) ensure conduct of manageable, steady-paced
scallop fisheries that provide stable employment and supplies of high-
quality products to seafood markets; (4) ensure harvest requirements of
traditional users in coastal communities; and (5) gather new data relevant
to attaining other objectives (Kruse et al. 1992). Key provisions of the
interim FMP and subsequent BOF actions included: (1) establishment of
eight (later became nine) separate registration areas; (2) reporting require-
ments; (3) gear specifications that limit dredge width <4.57 m and rings
>10.16 cm inside diameter; (4) guideline harvest ranges (catch limits) with
upper bounds based on long-term average catch excluding extreme highs
and lows; (5) bycatch caps for red king crab and Tanner crab based on 1%
of assessed crab abundance if the crab fishery was conducted or 0.5% if
the crab fishery was closed owing to low crab abundance; (6) in-season
adjustments, which allow managers flexibility to adjust to unforeseen
circumstances; (7) closed waters to avoid crab bycatch and sensitive habi-
tats; (8) fishing seasons; (9) observer requirements in which all scallop
vessels (except small vessels fishing in lower Cook Inlet) are required to
carry an observer at their expense; (10) a limit of 12 crew members per
vessel; and (11) a ban on automatic shucking machines.

Some fishery participants were concerned about escalating fish-
ing effort. At the time, the State of Alaska’s Commercial Fisheries Entry
Commission could limit participants, but not numbers of vessels. The
North Pacific Fishery Management Council (NPFMC) can limit vessels in
federal waters. Because vessel limitation was the preferred method, in
1993 the NPFMC prepared options for limited access considerations. At
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the same time, the NPFMC began to analyze the need for federal FMP for
this fishery.

Fishery rationalization phase (1994-present)

Statewide landings of scallops were 570 t in 1994, fell to 186 t in 1995,
averaged 358 t during 1996-2000, and averaged 244 t in 2001-2002
(Fig. 2). Prices were high, averaging $15.67 per kg (2002 dollars) during
1994-1998, but declined to $11.57 per kg in 2001-2002 (Fig. 3). Ex-vessel
value was $8.7 million (2002 dollars) in 1994, dipped to $2.9 million in
1995, averaged $5.4 million over 1996-2000, and fell to $2.7 million in
2002 (Fig. 3). Statewide landings during 1994-2002 were taken primarily
from Kodiak (35%), Yakutat (31%), and the Bering Sea (22%), with smaller
amounts from the Alaska Peninsula-Aleutian Islands area (6%), and central
region (6%).

In 1994, the state’s BOF adopted a scallop FMP (Kruse 1994) largely
patterned after the interim plan. The coordinated development of this
state management plan and federal plan for license limitation was inter-
rupted in 1995, when one vessel (F/V Mister Big) relinquished its state
fishing permit and continued fishing outside state waters (>5.6 km) off
Kayak Island (northeastern Gulf of Alaska) after the annual guideline har-
vest range was already taken for the area. Previously, all vessels fishing
in state and federal waters were presumed to be subject to state regula-
tions while fishing under a state fishing permit. As the F/V Mister Big no
longer held a state permit, it continued to fish without regulation, thus
challenging state authority over the fishery. Concerned about unregulated
harvest in excess of the prescribed sustainable harvest for the area, the
NPFMC met in emergency session and NMFS was requested to imple-
ment an emergency rule to close all federal waters to scallop fishing so
as to temporarily close the loophole in state jurisdiction. Later that year,
the NPFMC adopted a federal FMP (NPFMC 1995a), which formalized the
closure of federal waters to scallop fishing. With this safeguard in place,
some state waters were open in 1995, but most harvest was confined to
Yakutat where catch rates were sufficiently high in state waters to warrant
interest. Federal waters remained closed for 1.5 years during February
13, 1995-August 1, 1996. Thus, the F/V Mister Big, which relinquished its
state license, was banned from fishing during this period.

Following the approval of the first federal FMP that closed federal wa-
ters to scallop fishing, six amendments to the federal FMP were approved
during 1996-2000. In 1996, Amendment 1 adopted federal regulations
parallel to those adopted by the state (NPFMC 1997). In 1997, Amendment
2 established a vessel moratorium in which 18 vessels qualified (NPFMC
1997). In that same year, by special action of the Alaska Legislature, a
state-waters moratorium was established that qualified 10 vessels. In
1998, Amendment 3 to the federal FMP effectively delegated scallop
fishery management to the State of Alaska (NPFMC 1998). The fishery
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was deemed to be overcapitalized in 1993 when 15 vessels participated
(NPFMC 1995b). In 2000, Amendment 4 was approved, creating a license
limitation program (NPFMC 2000). Seven vessels were permitted to fish
statewide (except Cook Inlet) and two other vessels were permitted for
Cook Inlet. These two small vessels are currently exempted from onboard
observer requirements, but they are required to submit logbooks and
they are limited to a single 1.83 m dredge. Notably, the F/V Mister Big was
not among the nine licensed vessels. Finally, plan Amendments 5 and 6
satisfied recent federal requirements for designations of essential fish
habitat and definition of overfishing (NPFMC 1999a,b).

Independently, most vessel owners formed a fishery cooperative
in 2000. Within the cooperative, owners are allocated shares based on
fishing history. Some owners arranged to have their shares harvested by
other members and removed their vessels from the fishery. This further
reduced fishing effort (just 4 of 7 cooperative vessels fished in 2001-
2002), and extended the fishery for remaining participants. This action
allows close coordination with fishery managers to precisely attain catch
limits. Also, cooperative members are proactive in employing measures
to reduce crab bycatch. Vessel operators provide confidential data to
third-party consultants who review catch, bycatch, and location data and
identify high crab bycatch areas. Near real-time analyses are provided
back to the fleet, so they can adjust their operations to avoid triggering
premature closures due to bycatch. An unforeseen side effect of effort
reduction measures is that fishing capacity was too low in 2001 and 2002
to attain guideline harvests before regulatory fishing season closure dates
that are set to protect molting and mating crabs. In part, this resulted
from market-related decisions by the fleet. One vessel splits its fishing
effort between scallops and the lucrative Bering Sea crab fishery. Also, in
summer and early fall the small fleet tends to fish in the western Gulf of
Alaska, where large, high-quality scallops command the best prices. Later,
after catch quotas in the western gulf have been taken, the fleet moves to
the central and eastern gulf. However, by then late fall and winter storms
limit fishing opportunities and this region of the coast affords few places
for vessels to hide from storms. As a result of these factors, an annual
average of about 45 t of catch quota was not harvested from the eastern
Gulf of Alaska in 2001 and 2002.

Since 1993, the imposition of an onboard observer program led to a
marked increase in data collection from this fishery. Unlike the voluntary
observer program on a few vessels in the early years of the fishery, this
new program is mandatory and funded at the vessel owner’s expense for
all vessels fishing outside of Cook Inlet. Observers obtain data on scallop
age, shell height, weight, meat recovery, and bycatch. As part of this ob-
server program, vessel operators maintain loghooks with haul locations,
tow duration, tow speed, bottom depth, and catch of retained scallops.
These data have afforded analyses on bycatch, condition of discarded
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crabs and halibut, catch rates, and finer resolution of the location of the
harvest (e.g., Barnhart 2003, Barnhart and Rosenkranz 2003). Detailed
observer data allowed industry-funded analyses of scallop-habitat asso-
ciations and preliminary biomass estimates using depletion estimators
(Turk 2000).

Also, ADFG conducted fishery-independent assessment surveys in
Kamishak Bay in 1996, 1998, and 1999, and near Kayak Island in 1996,
1998, and 2000 (e.g., Bechtol 2003, Bechtol and Gustafson 2002) using
a research dredge donated by the Kodiak Fish Company. An age-struc-
tured stock assessment model was developed for the Kamishak Bay stock
(Bechtol 2000), but time series of age data are too short to apply this
model to other Alaskan scallop stocks at the present time.

Beyond routine stock assessment and fishery monitoring, federal
funding supported recent applied research by ADFG into genetic stock
structure, age validation, and development of video stock assessment
technology. To date, analyses of allozyme variability and preliminary
analyses of mitochondrial DNA (mtDNA) variability do not suggest much
genetic differentiation among scallop beds within Alaska (James Seeb,
Alaska Department of Fish and Game, Nov. 2004, pers. comm.). Recently,
single nucleotide polymorphisms (SNP) in both mitochondrial and nuclear
genes were identified for weathervane scallops (Elfstrom et al. 2005).
These SNP developments, together with a full investigation of mtDNA
variability, may be useful for delineating scallop population structure
for refinement of stock boundaries. Regarding age validation, analyses of
oxygen isotope ratios from samples off Kodiak confirmed that checks are
formed on scallop valves annually in November-December (Barnhart and
Carpenter 2003). Checks seem to be formed during the warmest months
of the year associated with intense coastal downwelling. Two scallop fish-
ing vessels have been equipped since 2003 with data loggers to verify
seasonal temperature profiles on scallop beds relative to annual check
formation. Pilot video stock assessments were conducted in the eastern
Gulf of Alaska in 2002 using a towed sled equipped with a miniature
video camcorder (Rosenkranz and Byersdorfer 2004). The sled was suc-
cessfully deployed at 135 stations and over 12,000 scallops were enumer-
ated from 124,000 m? of seafloor. These methods contrast with those of
Stokesbury (2002), who used a video drop camera to survey Placopecten
magellanicus on Georges Bank (U.S. East Coast). This video drop camera
was attempted in Alaska, but scallop densities were too low and 90% of
the drops contained no scallops. However, dredge video surveys were
found to be a viable assessment approach for weathervane scallops, and
routine surveys are planned for the three most commercially important
fishing grounds in Alaska.
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Conclusions

The Alaskan weathervane scallop fishery underwent a major transforma-
tion from a self-regulated, passively managed fishery in the 1970s to a
very actively managed fishery highly constrained by regulations designed
to maintain fishery sustainability and reduce adverse dredging effects
on other benthic species and habitats. Limited access and formation of
a scallop industry cooperative have been key to maintaining a lucrative
fishery for the few remaining participants. Mean gross earnings per ves-
sel during 2000-2002 were $0.6-$0.8 million (2002 dollars). Excellent
cooperation among industry and fishery managers has been essential to
attain harvest guidelines while minimizing bycatch.

Data availability also changed markedly since fishery inception. After
an initial data collection program in the late 1960s to early 1970s, vir-
tually no data were collected in the 1980s. Today, catch and bycatch of
vessels are well documented by onboard observers. These data are used
to set preseason harvest levels as well as for in-season fishery manage-
ment. Two scallop stocks (Kamishak Bay and Kayak Island) are assessed
by fishery-independent dredge surveys, and collection of specimens for
age and growth studies is at an all-time high.

Several key data limitations remain, but the outlook for further
improvements is promising. Lack of data has prevented a full stock as-
sessment of major commercial scallop stocks. New video assessment
technology should not only extend the current small assessment pro-
gram, but should also allow estimation of dredge catchability, a critical
parameter for stock assessments. Also, the continued accumulation of
time series of age and size distribution data will allow broader applica-
tion of age-structured assessment models (e.g., Bechtol 2000) to scallop
stocks in Alaska. Moreover, these same time series will permit analyses
of recruitment, growth, and mortality so that biological reference points,
such as spawning stock biomass per recruit and minimum stock size
thresholds, can be incorporated into the harvest strategies. An ultimate
goal is to implement biomass-based exploitation rates.

The current level of data collection would not be possible without
the cooperative efforts of government agencies and the fishing industry.
The industry has funded graduate student projects (e.g., Turk 2000), pur-
chased survey gear for ADFG, and funds the onboard observer program.
In 2002, the annual cost of the observer program was about $161,000,
roughly 6% of the $2.67 million in ex-vessel fishery value that year. State
and federal funds cover the costs of ADFG’s scallop research and man-
agement program with an annual cost of about $400,000 in 2002. These
combined costs, though relatively expensive compared to the value of
this small fishery, are investments to attain fishery management goals
and objectives.
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Abstract

The sea cucumber (Parastichopus californicus) fishery has existed in Brit-
ish Columbia (BC) since 1980 under an arbitrary management regime.
Although there were no indications of serious stock decline, the fishery
was reviewed in 1995 due to a lack of biological data upon which to base
management decisions. Following a review of available information on
the biology, distribution, and productivity of sea cucumbers, new man-
agement restrictions were imposed in 1997. In the absence of abundance
and life-history data from BC stocks, conservative estimates of density
and productivity from studies conducted in Alaska and Washington state
were used to calculate quotas for the BC fishery. The existing arbitrary
quota in BC was maintained, but over only 25% of the total coastline. One
half of the coastline was closed to harvest until sufficient knowledge had
accumulated to permit informed management. Experimental fisheries,
designed to investigate stock response to varying harvest rates, are be-
ing conducted in the remaining 25% of the coast. Abundance surveys are
being conducted in open fishery areas as well. These projects are only
possible through the strong cooperation with the commercial industry
and First Nation stakeholders. Funds generated by the sale of experimen-
tally fished product are used to fund the field activities and salary for a
biologist with Fisheries and Oceans Canada. Four experimental fisheries
are under way and are nearing the halfway mark of the planned 10-year
time frame. Eight density surveys have been conducted over 30% of the
area that is open to commercial fishing. Early results of these investiga-
tions are discussed.
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Figure 1. Historical landings (split weight, from logbook data) and number
of commercial licenses in the British Columbia sea cucumber fish-
ery. Landings from 1983 to 1990 were reported as round (unsplit)
weights and were converted to split weights by dividing round
weights by 2.73.

Introduction

Sea cucumbers (Parastichopus californicus) were first commercially
harvested in British Columbia (BC) in 1971; however, the fishery was
not regulated under commercial licensing until 1980 (Campagna and
Hand 2004). Sea cucumbers are hand picked by divers and sold to Asian
markets as trepang (brined and dehydrated skin) and frozen meat. The
value of the fishery in 2003 was Can $2.0 million. A small food fishery
is conducted by First Nation communities and a small sport fishery also
exists.

The commercial sea cucumber fishery expanded rapidly after 1980
to exceed 1,500 t landed round weight, equivalent to 549 t split (sliced
and gutted) weight in 1988 (Fig. 1). Management measures to limit the
expansion of the fishery, namely area closures and arbitrary area quotas,
were introduced in 1986. Landings and the number of licenses contin-
ued to increase, quotas were often exceeded, and CPUE declined in some
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areas, which prompted the implementation of quota reductions in 1989,
1993, and 1994 and license limitation in 1991 (Fig. 1). A three-year area
rotation was introduced in 1993 in the south coast and a pilot individual
quota (IQ) system, requiring validation of all landings, was introduced
in 1995.

The sea cucumber fishery came under review in 1995 due to the
lack of biological data upon which to base management decisions. Life
history characteristics important to the understanding of productivity
of sea cucumbers are largely unavailable in BC (Hand and Rogers 1999).
Little is known about stock abundance and distribution, longevity, growth
rates, rates of natural mortality, and recruitment (Phillips and Boutillier
1998). Growth studies are made difficult by the animals’ ability to rapidly
change shape and size, and by annual fluctuations in body mass due to
resorption of visceral organs. Age determination studies have not been
successful due to lack of hard body parts, the lack of length frequency
modal patterns beyond three years, and the inability to tag and follow
individuals for long periods (Phillips and Boutillier 1998). Therefore,
in 1997, the sea cucumber fishery was classified as a “developing and
data-limited fishery” and has since been managed under a precautionary
regime known as the “phased approach” for new and developing fisheries
(Perry et al. 1999). The phased approach consists of three phases. First,
phase 0 involves a review of existing biological and fisheries informa-
tion on the species of interest. Second, phase 1 consists of the collection
of new information through surveys and experimental fisheries to fill
information gaps identified in phase 0. Third, phase 2 consists of imple-
menting the chosen management strategies in a commercial fishery and
monitoring the fishery.

A phase 0 review of available biological and fisheries data was
completed, critical information gaps identified, and recommendations
for management and further research were made (Boutillier et al. 1998,
Phillips and Boutillier 1998). Following some of these recommendations,
the rotational fishery was discontinued in 1997 to provide an unbroken
time-series of fisheries data, and fishery expansion was curtailed, pend-
ing the collection of abundance and productivity data from BC stocks.
The fishery was restricted to 25% of the coast (“open areas”), while 25%
of the coast was set aside for experimental fisheries and the remaining
50% of the coast is to remain closed to fishing until a biologically based
and risk-averse management system can be implemented.

The sea cucumber fishery is currently in phase 1, i.e., data gather-
ing through experimental fisheries and surveys (Hand and Rogers 1999).
The arbitrary quota in open areas was replaced by a quota based on 4.2%
exploitation rate (State of Washington, unpubl. data and analyses) applied
to a presumed baseline estimate of 2.5 cucumbers per meter of shoreline
(per m) from Alaska survey results (Larson et al. 1995, Boutillier et al.
1998). In 1997, a research program was developed with the Pacific Sea
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Cucumber Harvesters Association (PSCHA). The research program has
two main focuses aimed at filling the information gaps identified in the
phase 0. First, density surveys in open areas (“open surveys”) are con-
ducted to gather data on abundance and distribution of sea cucumbers
in BC for setting quotas. Second, experimental fishery areas (EFAs, see
details below) were set up to help determine an appropriate harvest rate
for sea cucumbers in BC. The research program was designed to be cost
neutral; the PSCHA sells product harvested during experimental fisheries
and uses the proceeds to charter vessels from the sea cucumber fishing
fleet to complete the survey and harvest work. Additional profits go to
the PSCHA research fund to pay for Open Surveys and for a biologist with
Fisheries and Oceans Canada (DFO).

Open surveys are used to estimate sea cucumber densities for bio-
mass and quota calculations, replacing the assumed baseline estimate
of 2.5 per m. Thus, the “proven production potential” concept (Pearse
and Walters 1992), where stakeholders are responsible for proving stock
production before further expansion of the fishery, is being applied to
the sea cucumber fishery (Perry et al. 1999). Areas covered by open sur-
veys are re-surveyed every four years to monitor trends in density and
mean weight (Campagna and Hand 2004). To date, eight open surveys
have been conducted (two of which were re-surveys), covering over 30%
of the coastline open to fishing. This large data set was used to calculate
a new baseline density estimate and, as of 2003, unsurveyed areas are
assigned a new baseline density of 5.1 per m, the lowest of the lower
90% confidence interval (CI) of all BC open surveys (Campagna and Hand
2004). Quotas for surveyed areas are based on the lower 90% CI of survey
density. The original, more conservative density estimate of 2.5 per m
was retained for exposed areas of low density or areas thought to have
been overharvested. The revised density estimates from open surveys
resulted in a more than doubling of the allowable catch from 230 t in
1997 to 520 t in 2003.

Four EFAs were set up throughout the BC coast (Fig. 2) to examine
the effects of different exploitation rates on sea cucumber populations.
Each EFA consists of five noncontiguous sites, measuring 10 km of shore-
line each, which are harvested yearly at exploitation rates that bracket
the 4.2% rate currently used in open areas: 0% (control), 2%, 4%, 8%, and
16%. The EFAs were established in Laredo Inlet and Tolmie Channel in
the Central Coast of BC, Jervis Inlet in the Inside Waters of Vancouver
Island, and Zeballos on the West Coast of Vancouver Island. The Kitasoo
Fisheries Program, a local First Nations organization, participates in the
surveying and harvesting of the two Central Coast EFAs. The EFA projects
were envisioned to require approximately 10 years to yield useful results
and have been ongoing for five to six years. Surveys and experimental
harvests are conducted by sea cucumber harvesters and/or First Nations
divers using their own vessels, but under the direction and direct super-
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Figure 2. Map of the Northeast Pacific Ocean and the British Columbia coast
showing the location of the four sea cucumber experimental fishery
areas (EFAs).

vision of a DFO biologist. Here, we present preliminary results obtained
from the EFA in Jervis Inlet.

Methods

Data collection

The Jervis Inlet EFA is located on the east side of the Straight of Georgia
(Fig. 3). Two sites (8% and 16%) were on the edges of Malaspina Strait
while the remaining three sites (0%, 2%, and 4%) were located in nearby
inlets. Most sites are characterized by moderate to steep slopes with a
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Figure 3. Map of the Jervis Inlet experimental fishery area (EFA) showing the
location of the five study sites under exploitation rates of 0, 2, 4,
8, and 16%.

rocky substrate of mixed bedrock, boulders, cobble, and gravel (Cam-
pagna and Hand 1999).

A pre-survey of the Jervis Inlet sites was conducted in 1998 to get
preliminary sea cucumber density estimates and to choose site locations.
Results from the presurvey were used to determine the number of tran-
sects required at each site to yield density estimated with a 15% precision
target (D) using the following formula (Elliott 1971):

SE 1 |s?
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Table 1. Density, experimental fishery quotas, and number of transects
for each site in the Jervis Inlet sea cucumber EFA.

Site 1999 density (mean = SE) Annual quota Number
(cucumbers per m shoreline) (no. cucumbers) of transects

0% (control) 8.44 +1.28 0 25

2% 7.02 +£1.58 1,440 25

4% 16.47 + 3.35 6,588 15

8% 10.05 = 2.70 8,040 25

16% 9.30 £ 2.00 14,880 16

where SE is the standard error of the mean density estimate, x is the mean
density estimate, s? is the variance of the mean density estimate from
the presurvey, and n is the desired number of transects. To achieve 15%
precision on the density estimates, the required number of transects is
given by:

2 2

N N

n= =
D?x*  0.0225%°

At Jervis Inlet, each site was assigned 15 to 25 randomly positioned
transects which were surveyed prior to fishing (Table 1). The same tran-
sect positions were used every year that a site was surveyed. Because a
noticeable fishery impact was not expected for some years, especially
at the low exploitation rate sites, not all sites were surveyed every year
(Table 2).

Transect lines, made of lead core rope marked at 5 m intervals, were
laid perpendicular to the shoreline by survey vessels, from shore to a
sounder depth of 18.3 m (60 feet). Survey depth was not adjusted for tidal
height. A buoyed line was attached to the deep end of each transect. A
pair of scuba divers descended on the float line to the deep end of each
transect, and took positions on either side of the lead-line. Divers counted
all sea cucumbers between the lead-line and the far edge of a 2 m alumi-
num bar on both sides along the transect in each 5 m section (quadrat).
Divers looked under kelp and boulders within this strip transect, but
rocks were not moved to look for cucumbers out of view. Each transect
was therefore 4 m wide and left and right halves of each quadrat were
each 10 m?2. At the end of each quadrat, divers recorded the number of
sea cucumbers counted, substrate type, depth, the two most dominant
algae types, and total percent cover of algae. Counts from the left and
right side of each quadrat were summed.
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Table 2. Detailed survey schedule for the Jervis Inlet sea
cucumber EFA.

Year Project year Sites surveyed Sites harvested
1999 1 0%, 2%, 4%, 8%, 16% All
2000 2 None All
2001 3 0%, 8%, 16% All
2002 4 None All
2003 5 0%, 2%, 4%, 8%, 16% All
2004 6 None All
2005 7 0%, 8%, 16% All
2006 8 None All
2007 9 0%, 2%, 4%, 8%, 16% All
2008 10 None All

Data analysis

Sea cucumber densities (d), by transect, were calculated as the sum of the
number of cucumbers counted on all quadrats on that transect divided
by 4 m, the transect width.

>c

where ¢; is the number of sea cucumbers counted on quadrat i, and n is
the number of quadrats surveyed on that transect. Thus, density was ex-
pressed in terms of the number of sea cucumbers per meter of shoreline.
Mean sea cucumber density and 95% Cls for a site were then calculated
from the transect densities. The Tukey multiple comparison test was used
to compare mean density between years for each site.

Samples of 50 sea cucumbers were collected from each of two ran-
domly chosen transects per site in order to estimate mean split weight.
Samples were taken every year during the harvest from the same tran-
sects. Sampled cucumbers were split longitudinally and weighed individ-
ually (split weight) to the nearest gram. Data from both sample transects
at each site were pooled and mean weight and 95% Cls were calculated.
Significance tests for differences in mean weight were performed using
Tukey’s multiple comparison test between years for each site.

Weights of the experimentally harvested animals were also used to
obtain mean split weight estimates by dividing the total landed weight for
a site by the numbers of cucumbers harvested from that site. Confidence
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intervals are therefore not available for the mean weights estimated from
harvested sea cucumbers. Linear regression coefficients of mean weight
from harvest versus year were calculated for each site and tested for
significance using ANOVA.

Densities for each transect were multiplied by the mean split weight
of sea cucumbers estimated from experimental harvest data (sample
transects for 0% site) to estimate the biomass (kg) per meter of shoreline.
Mean sea cucumber biomass and 95% ClIs for a site were then calculated
from the transect biomass. The Tukey multiple comparison test was used
to compare mean biomass between years for each site.

Experimental harvest

Experimental fishery quotas were calculated from the 1999 survey data
(Table 1). The mean density at each site was multiplied by the shoreline
length (10,000 m) to determine the total sea cucumber population at each
site. The uncertainty in the mean density estimate was not considered
when setting quotas for the EFAs. Each site was randomly assigned one
of the five exploitation rates and the quota (in numbers of cucumbers) for
each site was then calculated as a percentage of the total sea cucumber
population on that site. The quotas were based on cucumber numbers, as
opposed to weight, for ease of catch monitoring during the experimental
fisheries. Quotas were kept constant across years.

Each harvest vessel had four crew: one biologist diver, one boat ten-
der, and two sea cucumber divers. The divers hand picked sea cucumbers
and placed them into mesh bags. The start and end times to fill for each
bag were noted. The sea cucumbers were brought on board, split longi-
tudinally, and enumerated by bag. Cucumbers were then packed in cages
lined with plastic bags before delivery to the dock where the total weight
of the catch was validated. The product was later transported to a plant
for processing, and sold.

CPUE was calculated for both number of cucumbers and weight (kg)
landed per dive-minute. The number of cucumbers landed (piece-counts)
was available for each harvest bag during the experimental fisheries. For
the piece-count CPUE, a per-bag CPUE was calculated from which the mean
CPUE and 95% Cls were calculated. Significance tests were performed us-
ing Tukey’s multiple comparison test between years for each site. For the
weight-based CPUE, mean CPUE was calculated as the total landings for
a site divided by total effort on that site. Therefore, confidence bounds
could not be calculated for the weight-based CPUE. Linear regression co-
efficients of weight-based CPUE versus year were calculated for each site
and tested for significance using ANOVA.
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Figure 4. (a) Density of sea cucumbers (number per m of shoreline) and (b)
biomass of sea cucumbers (kg per m of shoreline), by site and year,
for the Jervis Inlet EFA. Error bars are 95% confidence intervals.

Results

The Jervis Inlet EFA project began in 1999, and the 2003 survey results
reflect changes that have occurred after four years of harvesting. Den-
sity at the 16% site decreased significantly between 1999 and 2003 (df =
45, P=0.029) from 9.3 to 3.6 per m (61% decrease). Other sites showed
no significant changes in density between years, although a general de-
creasing trend was observed (Fig. 4a). Biomass at the 16% site decreased
significantly between 1999 and 2003 (df =45, P=0.001) by 79%, from 2.8
kg per m to 0.6 kg per m. Biomass at the other sites showed no significant
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change, although a decreasing trend similar to that seen in the density
data was observed (Fig. 4b).

Mean weight data from the sampled transects showed a significant
decrease between 1999 and 2003 at the 2% and 16% sites (Fig. 5a; df =
526, P=0.008 and df = 562, P= 0.038 respectively). Other sites showed
no significant difference in mean weight between 1999 and 2003. The 4%
and 16% sites showed a drop in mean weights after the first or second
year of harvest followed by a relatively stable mean weight. The regres-
sion coefficient of mean weight from experimental harvest vs. year at the
16% site (-29.1) was significantly different from zero (ANOVA, F=19.8,
P=0.02). Regression coefficients calculated for other sites were not sig-
nificantly different from 0; however, a decreasing trend was observed
(Fig. 5b). Because the experimental quotas were expressed in numbers
of animals, the decrease in mean weight over time translated into a 48%
decrease in total landings for the 16% site, from 4,530 kg in 1999 to 2,350
kg in 2003. Landings fluctuated less at the other sites.

Each site had been harvested four times before the 2003 survey.
The total harvest from each site was therefore 8%, 16%, 32%, and 64% of
the initial population for the 2%, 4%, 8%, and 16% exploitation rate sites,
respectively. The amount of shoreline harvested to achieve the quota
at each site was dependent on the exploitation rate, such that, at low
exploitation rate sites (2% and 4%), only a small portion of the 10 km of
shoreline needed to be harvested to reach the quotas. In the low exploi-
tation rate sites, different sections of shoreline were fished in different
years. At the 8% and 16% exploitation rate sites, however, approximately
60% and 90% of the 10 km of shoreline had to be harvested each year,
respectively, to achieve the quota.

Piece-count CPUE was variable from year to year (Fig. 6a). There were
no clear trends except for an apparent increase in 2003 at all sites which
was significant at the 8% and 16% sites (df =214, P=0.002 and df = 360,
P < 0.001 respectively).

The regression coefficient of weight-based CPUE vs. year at the 16%
site (-0.278) was significantly different from zero (ANOVA, F= 20.5, P=
0.02). Regression coefficients for the other sites were not significantly
different from zero, although a decreasing trend was present (Fig. 6b).
Perhaps more important, the 2%, 4%, and 8% sites showed a drop in CPUE
between 1999 and 2000 followed by a somewhat more stable CPUE.

Discussion
EFA

Although the EFA projects are still in early stages, results from Jervis
Inlet to date reveal a significant decrease in densities and biomass at the
highest exploitation rate site (16%). The implications of this decrease,
however, must be considered in light of the apparent decrease in density
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Figure 5. (a) Mean split weight of sea cucumbers (g) from sample data (data
from both sampled transects at each site are pooled), and (b) mean
split weight of sea cucumbers (g) from landings of experimental
harvest, by site and year, for the Jervis Inlet EFA. Error bars are
95% confidence intervals. Confidence intervals are not available
for panel “b,” as mean split weight from landings was calculated
as total weight of experimental catch divided by total number of
sea cucumbers harvested for each site and year.
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Figure 6. Catch per unit effort in: (a) numbers of sea cucumbers harvested

per dive-minute, and (b) kg of sea cucumbers harvested per dive-
minute, by site and year, for the Jervis Inlet EFA. Error bars are
95% confidence intervals. Confidence intervals are not available for
panel “b,” as CPUE was calculated as total weight of experimental
catch divided by total effort for each site and year.
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and biomass in the control and low exploitation rate sites. The data are
quite variable and results are limited by small sample size. Completion
of the study in another five years will improve the statistical power of
the experiment.

Mean weight from samples decreased slightly over time (significantly
at 2 of 5 sites). Mean weight from landings showed a larger decrease over
time, although the decrease was significant at only one site. Because the
mean weights from landings are based on larger sample sizes over a
larger area than the sample transects, the mean weights calculated from
landings may be better indicators of overall mean weight for a site. The
pattern, observed at some sites, of decrease in mean weight after the
first year of harvest, followed by a somewhat stable mean weight in later
years, may be due to selective fishing for larger sea cucumbers in the
first year of harvest (Ken Ridgway, Pacific Sea Cucumber Harvesters As-
sociation, pers. comm.). The apparent decrease in mean landed weight
is likely a result of progressive selection and depletion of the largest sea
cucumbers over time.

Anecdotal information from harvesters suggests that sea cucumber
density has changed little in commercially exploited populations, but that
the mean weight has decreased in some “open areas.” Preliminary results
from re-surveys conducted in open areas in BC support this observation
(unpubl. data). Woodby and Larson (1998) also made a similar observation
for sea cucumber populations commercially exploited in Alaska.

Piece-count CPUE data were variable, but stayed relatively constant
over time, despite a general decreasing trend in densities, suggesting
that piece-count CPUE may not be a very good measure of sea cucumber
density. At the lower exploitation rate sites, harvesters can move fishing
locations from year to year (within each 10 km site), thus maintaining a
high CPUE and potentially causing serial depletion. Also, catch rates may
be limited by handling time and densities may still be high enough to
not be limiting. Although harvest methods remained the same between
years, other factors such as currents, underwater visibility, weather, or
diver experience may have affected CPUE. However, CPUE based on weight
landed showed a decreasing trend for all four harvest sites at Jervis Inlet,
following the trend of decreasing biomass. The decrease in mean weight
of sea cucumbers over time is most likely the cause of the decreasing
weight-based CPUE. Selective fishing for large sea cucumbers in 1999
may explain the high weight-based CPUE for that year. Weight-based CPUE
therefore seems to be more useful to monitor changes in biomass of sea
cucumber populations than piece-count CPUE.

Because the quotas for EFAs were set in terms of numbers rather than
weight of cucumbers, the effective exploitation rate in terms of percent
of the original biomass harvested each year has decreased over time
due to the decrease in mean sea cucumber weight. The commercial sea
cucumber fishery quotas are expressed in terms of biomass. Therefore,
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if mean sea cucumber weight is decreasing over time in open areas, the
effective exploitation rate will likely increase if quotas are based on out-
dated density and mean weight data. The frequent re-survey schedule
(every four years) currently in place for open areas in BC should help
ensure that effective exploitation rates do not increase. Mean weights
from fishery data should be updated frequently, so that quotas can ad-
justed accordingly.

Phased approach

The phase 1 research program for sea cucumbers has answered some
of the uncertainties associated with quota calculations in BC. Increased
knowledge of local abundance and distribution has led to the use of BC
baseline density estimates and to increased quotas. Results from the
EFAs should eventually provide estimates of a biologically sustainable
exploitation rate. Until such time, several conservation measures are in
place to protect sea cucumber stocks in BC. First, only 25% of the coast
is open to the commercial fishery. Second, the lower 90% CI of estimated
densities are used in quota calculations for open areas, similar to what is
done in Alaska (Woodby et al. 1993). Third, quotas are based on density
surveys conducted to 18 m depth only; the portion of the sea cucumber
population found at depths greater than 18 m is not accounted for in the
assessments. Commercial divers generally harvest shallower than 18 m
so the segment of the sea cucumber population found deeper than 18
m is generally protected from harvest. Woodby et al. (2000) found that
about 30% of sea cucumbers were deeper than 20 m in a commercially
viable area near Sitka, Alaska. Similar data are unavailable from BC.

The potential for the deeper portion of sea cucumber populations
to migrate shallower and re-colonize harvested areas is unknown and
should be investigated. If the deep portion of the population moves
shallower to occupy habitat previously used by harvested cucumbers,
declines in density may not be observed until the deep portion of the
population becomes depleted. Further, CPUE may stay high until such
a time that re-colonization from deep areas slows. The lag in response
caused by the potential upward migration of the deep portion of the
population may therefore have serious implications for the stock assess-
ment and management of sea cucumber fisheries. If such a phenomenon
occurs, an exploitation rate that appears sustainable in the short term
may prove to be unsustainable in the long term. Boutillier et al. (1998)
suggested using ROVs (remotely operated vehicles) to survey density and
biomass of sea cucumbers at depths greater than 20 m. Establishing new
EFAs that include both shallow water scuba surveys and deep-water ROV
surveys to study potential post-harvest vertical migration of sea cucum-
bers would be valuable. An acceptable alternative could be to conduct
deepwater ROV surveys in the current EFAs.
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A strong cooperative relationship among scientists, managers, and
stakeholders is essential to the success of a phased approach to providing
scientific advice for the management of newly developing invertebrate
fisheries (Perry et al. 1999). The BC sea cucumber research program relies
heavily on a strong working partnership among industry, DFO (science
and management), and First Nations groups, where research costs are
financed by the sale of product harvested in EFAs and surveys are con-
ducted on chartered industry and First Nations vessels.

The sea cucumber fishery in BC still faces data limitations. Little
work has been published on growth and age of Parastichopus californicus
(Fankboner and Cameron 1988, Cameron and Fankboner 1989). Maximum
age of sea cucumbers has been used to determine the mortality rate of
sea cucumbers, based on Hoenig’s (1983) relationship between maxi-
mum age and mortality rate, which in turn has been used in determin-
ing exploitation rates (Woodby et al. 1993, Phillips and Boutillier 1998).
Growth and longevity studies thus may be warranted to confirm or revise
the estimates of natural mortality rates and reduce uncertainty in the
assessment of the sea cucumber resource. Recruitment patterns of sea
cucumbers are poorly understood and should be studied. Completion of
the EFA projects, with an additional five years of data, will increase the
statistical power of the experiments and help to estimate a sound harvest
rate for sea cucumbers in BC. Future research plans in BC include the es-
tablishment of new experiments to evaluate the performance of rotational
fisheries, compared to annual fisheries, as a way to mitigate the observed
decreasing trend in mean weight data.
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Abstract

Eight species of Embiotocidae occur in British Columbia (BC): four are
distributed coastwide (pile perch, shiner perch, striped seaperch, and
kelp perch) and four (redtail surfperch, walleye surfperch, silver surf-
perch, and white seaperch) have distributions restricted to the extreme
southern part of the province. Commercial fisheries target only the coast-
wide species but because the ranges of nontarget species overlap those
of commercial ones, especially along the southern coast of Vancouver
Island, there is potential for conservation concerns for nontarget species.
Embiotocids are brooding, live-bearers that mature slowly and produce
few young. As a result, populations may be vulnerable to overfishing
even at moderate exploitation levels, with recovery limited by low fe-
cundity and possibly small population sizes. The limits of the available
data, however, make evaluation of these conservation concerns difficult.
With the exception of kelp perch, which are restricted to kelp forest habi-
tats, embiotocids are found around wharves and pilings where they are
targeted by an unmonitored recreational fishery. Shiner and pile perch
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inhabit these and other habitats, including deeper waters where they are
taken as bycatch in trawl fisheries. The current commercial fishery occurs
nearshore using drag seine or hook and line gear and landings usually
are small and intermittent. There is no documentation or monitoring
of bycatch of nontarget species in the commercial embiotocid fishery.
Although management of embiotocid fisheries in BC is hindered by data
limitations, consideration of basic biological information on these species
could be useful for improving management advice.

Introduction

The Canadian Department of Fisheries and Oceans (DFO) is implementing
two new national policies that affect minor and nontarget species. The
New and Emerging Fisheries Policy applies to new or developing fisher-
ies (DFO 2001). This policy is based on the “phased approach” outlined
by Perry et al. (1999) that provides a science-based framework for the
assessment and potential development of fisheries for underutilized or
data-limited species. The second is new legislation, the Species at Risk Act
(SARA), implemented in 2003, which provides a framework for classifying
species (or distinct populations) according to potential risk of extinction.
In British Columbia (BC), there are eight species of embiotocids, all of
which are affected by one or both policies. Researchers have been asked
to provide information on the status of species within the family Embi-
otocidae (for SARA) and provide fisheries managers with information on
the potential suitability of some populations for exploitation (new and
emerging fisheries). As little work has been done on any of the eight spe-
cies found in BC, providing defensible, science-based advice to resource
managers is difficult in the existing data-limited situation.

Globally, the family Embiotocidae (surfperches) consists of 23 spe-
cies, including one freshwater species. Most are restricted to the eastern
Pacific Ocean with the number of species increasing from north to south.
Of the eight surfperch species in BC, some have been fished both com-
mercially and recreationally since the 1800s (Hart 1973, Eschmeyer et al.
1983). Four species are distributed coastwide: pile perch (Rhacochilus vac-
ca), shiner perch (Cymatogaster aggregata), striped seaperch (Embiotoca
lateralis), and kelp perch (Brachyistius frenatus) (Fig. 1). Four additional
species are restricted to southern Vancouver Island (their northern range
limit): redtail surfperch (Amphistichus rhodoterus), walleye surfperch
(Hyperprosopon argenteum), silver surfperch (Hyperprosopon ellipticum),
and white seaperch (Phanerodon furcatus) (Fig. 1). In general, embiotocids
are widespread, inshore species occupying a variety of habitats includ-
ing sandy beaches, rocky shorelines, reefs, kelp beds, and estuaries
(e.g., Tarp 1952, Feder et al. 1974, Hobson and Chess 1986, Lamb and
Edgell 1986). Embiotocids have specialized feeding niches so competi-
tion is limited within nearshore environments (e.g., DeMartini 1969) and
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Figure 1. Reported distributions for the eight embiotocids encountered in
British Columbia.
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Table 1. Basic life history characteristics of British Columbia em-

biotocids.
Age at Average

Maximum maturity Average gestation
Common name age (years) (years) fecundity? (months)
Shiner perch 6 1 4-20 5
Pile perch 10 4 18-52 5
Striped seaperch 7 2-3 18-22 6
White seaperch 7 2 10-29 7
Redtail surfperch 8 4 7-45 5
Walleye surfperch 6 1 5-12 4
Silver surfperch 7 2 3-16 7
Kelp perch N/A 1 N/A N/A

aFor all embiotocids fecundity increases with female size and age.
Data from Gordon 1965, Swedberg 1966, Gnose 1967, Wilson and Millemann 1969, Anderson and
Bryan 1970, Miller and Lea 1972, Eckmayer 1975, Bennett and Wydoski 1977, Baltz 1984.

overlapping ranges among species is common. Water temperature is an
important factor affecting distributions (Karpov et al. 1995).

Embiotocids are viviparous; females give birth to highly developed,
free-swimming young (Turner 1947). Fecundity is low relative to non-
viviparous fish species and varies by species and age, with older (larger)
individuals producing more young (Cannon 1956; Table 1). Due to ex-
tremely low fecundity, maintenance of populations is likely dependent
upon a high survival of the young (Quinnel 1986). Most species live six to
ten years (Table 1) and growth rates are low. Females may attain greater
sizes than males, but considerable variability can exist among popula-
tions (e.g., Hubbs and Hubbs 1954, Anderson and Bryan 1970, DeMartini
et al. 1983). Recruitment to the parental population can occur at birth
for some embiotocids (Schmitt and Holbrook 1990) and might result in
increased vulnerability to fishing.

Directed embiotocid fisheries

In BC, embiotocids are landed both in recreational and commercial fish-
eries. Despite a long history of fishing activities, few quantitative data
are available for either fishery but anecdotal information suggests the
recreational catch is larger than the commercial catch. Recreational fish-
ing for embiotocids is a common activity in BC, especially on wharves,
docks, and piers. Recreational fishing is regulated under the Fisheries Act
through the British Columbia Sport Fishing Regulations. The DFO Tidal
Waters Sports Fishing Guide summarizes these regulations, which con-
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sider all embiotocids as “surfperch” with a combined daily harvest limit
of eight fish using hook and line gear (DFO 2003). Harvesters are required
to possess a valid tidal waters recreational fishing license when fishing for
embiotocids. There are no recreational fishing closures or specified area
closures specific to embiotocids. Creel surveys are conducted to estimate
the recreational catch for some species, but embiotocids have not been
included in survey efforts to date.

A specialized commercial fishery also exists for embiotocids in BC.
Catches are taken mainly by beach seine, but hook-and-line and dip-net
gear types are permitted. Licenses to commercially harvest embioto-
cids are available to fishermen who possess a vessel-based commercial
harvesting license for at least one species. The use of beach seines has
raised concerns about bycatch of nontarget species, especially juvenile
salmonids, and negative impacts on nearshore habitats through destruc-
tion of macrophytes (i.e., eelgrass beds). Presently, only a small com-
mercial fishery exists with few active fishers in any given year; therefore,
potential habitat and bycatch impacts are considered negligible under
current effort levels. However, this fishery has potential for considerable
expansion under the current, nonrestrictive licensing system. A log-
book requirement was established in 1984 as a condition of license but
compliance has been poor (based on the number of loghooks received
annually) and enforcement efforts have been minimal. Available logbook
information indicates that the reported catch has fluctuated dramatically
since the early 1980s with substantial landings in 1984 and 1992 and low
landings in most other years, especially since 1997 (Fig. 2). In general,
CPUE has tracked commercial landings so trends in the commercial catch
and effort data are non-informative as a basis for interpreting trends in
population abundance. Shifting market demand is most likely responsible
for the observed trends in reported catch but a change in the number of
resource users or incomplete catch reporting also can influence reported
catch data. Sales are confined to specific, limited markets (mainly live or
fresh fish markets in Vancouver) again suggesting market demand is the
primary factor determining embiotocid catches.

Nondirected embiotocid fisheries: occurrence
as bycatch

In addition to directed recreational and commercial fisheries, embioto-
cids are caught in several other fisheries. For example, shiner perch are
routinely caught as bycatch in the shrimp trawl fishery (Hay et al. 1999).
During the 1997-1998 season, shiner perch was the 16th most common
species captured in shrimp trawls and accounted for 0.35% of the total
catch. Unfortunately, little biological data exist because all bycatch in this
fishery is discarded at sea and observer coverage is minimal. Also, catch
rates varied considerably by area with shiner perch making up 0.20% of
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Figure 2. Reported commercial catch (kg) and CPUE (kg per hour or
kg per day) for embiotocids landed in British Columbia
since 1984.

the catch on the west coast of Vancouver Island, 0.58% in Prince Rupert
district, and 2.65% of the catch in the Strait of Georgia (8th most common
species). When the percent composition is applied to the total shrimp
landed in each of these areas, shiner perch bycatch in the 1997-1998
shrimp trawl fishery was estimated to be 0.4 t on the west coast of Van-
couver Island, 2.5 t in Prince Rupert, and 13.5 t in the Strait of Georgia.
These estimated bycatch removals are considerably greater than the cur-
rent commercial fishery or the expected recreational harvest. In contrast
to the high levels of bycatch observed for shiner perch, pile perch only
made up 0.0025% of the total shrimp trawl bycatch (Hay et al. 1999) with
other embiotocids landed even less frequently. Even at this low level, the
landed bycatch weight of pile perch (1.3 t) would exceed current com-
mercial or recreational harvests. Thus, based on these calculations, it is
probable that nondirected removals are greater than directed ones.

Discussion

Of the eight embiotocid species in BC, four species (shiner, pile, and kelp
perch, and striped seaperch) occur throughout coastal BC waters, while
four species (redtail, walleye, and silver surfperch, and white seaperch)
have ranges restricted to southern BC. Because there is very little atten-
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tion directed to embiotocids in BC, our understanding of their distribu-
tions is limited and ranges might be broader than currently recognized.
For example, the redtail surfperch is known from the Tofino region of
BC (west coast of Vancouver Island) where it is the focus of an intensive
recreational fishery but it is unknown if their distribution is contiguous
with populations in Washington state.

Four species have geographically restricted distributions in BC, lim-
ited to southern Vancouver Island. As this marks the northern extent of
their ranges, it is possible that distinct (isolated) populations exist in BC.
Under SARA, these populations could be considered for “listing.” One key
criterion used in the species listing process is the species’ range within
Canada. A species could be deemed threatened if its range is less than
20,000 km? or endangered if its range is less than 5,000 km?2 (COSEWIC
2003; Criterion B). Given that the depth distributions of these four species
are restricted to 100 m of water (or less), the estimated maximum area
of occurrence would be about 4,200 km? in the Canadian zone along the
west coast of Vancouver Island, well below the minimum area of occu-
pancy needed to be considered for listing. Further, as water temperature
is a key factor determining the distribution of embiotocids (Karpov et al.
1995), the estimated area of occurrence could be reduced in years of cold
water ocean regimes. Alternatively, under warm water regimes ranges
could expand. We acknowledge, however, that the range area is only one
of the criteria used to determine an actual listing but because we do not
know population sizes or population trends, it could be an important
factor. It is important to note that each of these four embiotocids has less
restricted distributions in the United States. This raises the possibility
that Canadian populations could be maintained from larger populations
to the south but this hypothesis would need to be validated.

There have been no genetic studies to measure gene flow among em-
biotocid populations in BC but their viviparity and restricted geographical
distributions suggest potential divergence from larger, ancestral popula-
tions. Species with restricted dispersal capabilities or limited larval times
should have high speciation rates (e.g., Futuyma 1998). However, this is
not the case within the family Embiotocidae and further study is needed
to discern ecological or evolutionary factors responsible for speciation
within this family (Bernardi and Bucciarelli 1999). A geographical barrier
to dispersal of black surfperch (Embiotoca jacksoni) in California resulted
in two major species clades within which gene flow was high but among
which gene flow was low (Bernardi 2000). It is unknown what potential
barriers are present in BC that might affect dispersal (and subsequent
gene flow) of juveniles or adults or whether gene flow along the West
Coast of North America is sufficient to prevent the establishment of dis-
tinct populations.

Embiotocids are actively pursued in both recreational and commercial
fisheries in the United States, most notably California (Miller and Gotshall
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1965, CDFG 2002), but also in Oregon and Washington (Quinnel 1986,
ODFW 2002, WDFW 2002). In each of these states, recreational landings
are substantially greater than commercial ones, even in California where
the largest commercial embiotocid fisheries exist (Karpov et al. 1995). Al-
though recreational catches in BC are unknown, the commercial fishery is
so small that the recreational landings are probably larger. We anticipate
that the New and Emerging Fisheries Policy will limit large-scale expan-
sion of the commercial embiotocid fishery but this has yet to be tested.
One of the goals of this policy is to only permit fisheries that are inter-
nally sustainable (i.e., the users are financially responsible for the stock
assessment required to determine harvest levels). Recently, commercial
landings have been small suggesting markets for this product also are
small, but this fishery could grow if commercial markets expand.

Royce (1975) warned that species with low fecundity are vulnerable
to overharvest; intense fishing pressure combined with low fecundity
reduces the probability of strong year classes from developing. Therefore
some embiotocids in BC could be prone to overfishing. Overfishing of
embiotocids already may have occurred in California, where recreational
and commercial catches have declined steadily since the 1960s (Fritzsche
and Collier 2001). Because four embiotocid species in BC have very re-
stricted distributions, local overfishing (or depletion) could result in loss
of genetic diversity, raising concerns under SARA. Further, local deple-
tions might act differently on different components of the population.
For example, densities of sub-adults of both black and pile surfperch at
two locations in California decreased while densities of adults remained
constant over a 25 year period (Pondella et al. 2002). It is possible that
increased recreational fishing activity has resulted in the decreased den-
sity of sub-adult fish and such a phenomenon could be universal.

In summary, the commercial harvesting of embiotocids in BC is sub-
ject to the New and Emerging Fisheries Policy as a data-limited fishery.
Currently, adequate data to make sound assessments and catch recom-
mendations are unavailable. Such data limitations confound attempts to
adhere to a precautionary approach to fisheries management (e.g., FAO
1995) for these species in BC. The restricted distributions of some species
in BC allow them to be considered under the new SARA legislation but
with limited data it is not possible to infer trends in stock abundance or
biomass, a fact vital both to SARA and fisheries managers who need to
set harvest recommendations.
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Abstract

Sablefish is one of the most economically important resources in waters
of the Gulf of Alaska. Prior to 1984, annual sablefish harvests from waters
of state jurisdiction in Prince William Sound (PWS), Alaska, were less than
10 metric tons (t). As market demand increased, this fishery developed
with a 12-month season but few management guidelines. More restric-
tive management measures were implemented as competition within
the state-managed fishery increased due to improved product value and
access limitation in adjacent federal waters. Initial measures included
development of a harvest guideline based on a yield-per-recruit model
using production data extrapolated from sablefish fisheries in Southeast
Alaska. Fishery management continued to develop through state access
limitation and into a quota share system wherein permit holders are allo-
cated shares of the harvest guideline. Shares are equal within each of four
vessel size classes, but differ among size classes. Due to the lack of stock
assessment data, these management changes have been used as fish-
ing effort controls to achieve a static annual harvest level. Recently, the
Alaska Department of Fish and Game implemented a fishery-independent
survey as an index to monitor changes in the PWS sablefish population.
Future efforts will explore the utility of the survey to amend the harvest
guideline. The development of the PWS sablefish fishery provides a case
study of the evolution of data-limited management options for the har-
vest of a common property resource by a local, shore-based fleet.

Introduction

Commercial fisheries for sablefish Anoplopoma fimbria off Alaska began
in the late 1800s (Bracken 1983, Rigby 1984, Sigler et al. 2002). Initially,
landings occurred as incidental bycatch to the Pacific halibut Hippoglos-
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sus stenolepis fishery. Directed sablefish fisheries developed around 1913.
Annual harvests fluctuated widely in response to economic conditions,
including market demand for alternative fish products such as halibut.
Harvests also varied with the depression era of 1931-1935, cold storage
capacity, and regulatory restrictions implemented during the 1940s-1960s
in response to declines in catch rates and mean fish size. Until 1957, the
fishery primarily involved U.S. and Canadian vessels. Japanese longline
fleets entered the fishery in 1958, followed by fleets from Korea, Russia,
and other countries (Low et al. 1976, McDevitt 1986). The longline fleets
initially focused on the Bering Sea, but shifted to the Aleutian Islands and
Gulf of Alaska in the mid-1960s as the Bering Sea fishing grounds were
preempted by foreign trawl vessels. The Magnuson Fishery Conservation
and Management Act in 1976 extended U.S. jurisdiction to 200 miles from
shore and encouraged domestication of the groundfish fleet within those
waters. Longline fishing by U.S. vessels expanded into the Gulf of Alaska
in 1982, and full domestic utilization of sablefish resources in the Gulf
of Alaska of the Exclusive Economic Zone (EEZ; formerly referred to as
the Fishery Conservation Zone) occurred in 1984. The initial manage-
ment strategy emphasized a “derby fishery” in which vessels competed
to maximize harvest in as short a time as possible. As the “derby” fishery
expanded, average fishing season length decreased from year-round in
the early 1980s to less than one month in the early 1990s (Sigler and
Lunsford 2001). Individual Fishing Quotas (IFQ) and an 8-month season
were implemented in 1995 for the federal sablefish and halibut fisheries
in EEZ waters off Alaska.

The Prince William Sound Management Area (PWS) is located along the
northern Gulf of Alaska and adjacent to the EEZ and is managed under
state regulations by the Alaska Department of Fish and Game (ADFG; Fig.
1). Prior to the late 1980s, groundfish fisheries in PWS occurred through-
out the year at relatively low annual harvest levels (Bechtol and Morrison
1997). This fishery occurred in the absence of stock abundance data,
and at a time that directed fishing was viewed as the primary means by
which to evaluate resource availability. Biological and economic declines
in salmon and crab fisheries, and subsequent diversification into ground-
fish by much of the fishing industry, increased effort in the groundfish
fisheries and raised concerns of managers about sustainable yields from
the groundfish resources. Improvements in both fishing technology and
market conditions exacerbated these concerns. Fishery catch and effort
increased from 50 metric tons (t) by 20 vessels in 1984 to 257 t by 126
vessels in 1995 (Table 1). The 1995 peak in PWS catch and effort was at-
tributed to speculation about qualifying for a state limited entry permit.
In 1996, a limited entry program was implemented for PWS sablefish to
address the increasing effort that had begun to compromise manage-
ment (Berceli et al. 2002). Following implementation of the limited entry
program, fishery catch and effort through 2002 averaged 120 t and 47
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Figure 1. Inside District of the Prince William Sound Management Area.

vessels. In 2003, the PWS fishery changed to a quota share system in an
effort to reduce hook loss and unretained bycatch.

Few biological data were collected during development of the PWS
sablefish fishery. In addition, although PWS does not represent a closed
population, mark-recapture efforts have been insufficient to draw defini-
tive conclusions regarding movement of tagged fish between PWS and
other management jurisdictions (unpubl. data). Thus, the ability to de-
fine stock structure has been limited, necessitating development of data
limited management strategies. Based on historical knowledge of harvest
practices, it has been appropriate to manage the PWS sablefish popula-
tion independent of other harvest jurisdictions. This paper describes the
evolution of management strategies, in the absence of stock assessment
data, for PWS sablefish as the fishery changed from a year-round, open-
access fishery to a limited entry, quota share system, with an extended
fishing season featuring spring and fall fishing periods.
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Study area

Regulatory boundaries of PWS have been adjusted several times over
the past three decades and are currently described as waters of Alaska
from 144°00.00 W, near Cape Suckling, to the longitude of Cape Fairfield
at 148°50.25 W. This area is divided into the Inside District and Outside
District. Regulations restrict the PWS sablefish fishery to the Inside Dis-
trict, which is about 9,500 km? in surface area with a maximum depth of
approximately 775 m (Fig. 1). Waters deeper than 275 m comprise more
than 25% of the district and produce virtually all of the sablefish harvest
(Bechtol and Morrison 1997).

Materials and methods

Waters managed under the jurisdiction of the State of Alaska extend from
shore to three miles off shore. Regulations for state waters are adopted
by the Alaska Board of Fisheries and implemented through in-season
management by ADFG. The board considers proposals for regulatory
changes on a three-year cycle. In addition to actions defined in codified
regulations, “time-and-area” emergency order authority allows ADFG
managers to open and close fisheries on an area-specific basis. Harvest
data are derived from landing reports known as ADFG fish tickets, which
are entered and archived in the ADFG Fish Ticket database. Among other
information, fish ticket data include harvest amount by species, permit
holder, vessel, port of landing, and processor.

The Commercial Fisheries Entry Commission (CFEC) implements
limited entry programs in Alaska fisheries and may complement a pro-
gram with additional fishing permit restrictions such as vessel size or
gear limits. However, authority for resource allocation is reserved for
the Alaska Board of Fisheries, which may allocate resources among user
groups, but may not differentially allocate resources to individuals within
a specific user group. Thus, allocations may differ among gear types or
vessel sizes, but not among individual permit holders that have different
harvest histories but identical user group criteria.

Results
Determination of the guideline harvest range

Prior to 1984, annual sablefish harvests from PWS totaled less than 10 t
annually (Bechtol and Morrison 1997). Fishing effort increased on sablefish
resources in state waters in response to improved markets and changes
in EEZ sablefish fisheries such as increased competition and decreased
season length. As a result, sablefish harvests in PWS expanded rapidly to
50 tin 1984 and 175 t in 1985. These increased harvests generated stock
sustainability concerns because assessment data for the Inside District
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were lacking, particularly at the depths and areas typified by the fishery
(Parks and Zenger 1979). In addition, fishery performance data were lim-
ited to commercial fish tickets and to voluntary logbooks that represented
less than 10% of the 1985 harvest and were of uncertain accuracy.

Due to the lack of comprehensive stock data, Morrison (1987) adapted
a yield-per-habitat model developed by S. Lowe (NMFS AFSC, Seattle, pers.
comm.) to establish a guideline harvest range (GHR) for PWS sablefish.
This process entailed estimation of suitable sablefish habitat using a grid
overlay of nautical charts, and assumed depth as the primary selection
criteria. The sablefish production rate was calculated as two standard de-
viations around mean areal sablefish harvest rates (annual catch per unit
area) in the Clarence Strait fishery in Southeast Alaska from 1969 to 1979
(Bracken 1983). This provided an estimated annual yield ranging from
0.06 to 0.25 t per square nautical mile. Application of this productivity
range to the area of suitable PWS habitat resulted in a potential produc-
tion of 40-140 t (values are rounded), the GHR that was used for PWS
sablefish management from 1986 to 1992. Due to improved bathymetric
mapping, the area deemed suitable sablefish habitat was increased by 26%
in 1993 and the GHR increased proportionately to 44-175 t (Bechtol and
Morrison 1997). Management has typically targeted the midpoint of the
GHR, or 93 t before 1993 and 110 t since 1993, as the guideline harvest
level (GHL) or quota (Bechtol 1995, Berceli et al. 2002).

Although managers attempted to maintain a relatively fixed annual
harvest for PWS sablefish, there has been little additional analysis of the
suitability of this GHR in terms of stock productivity. Fishery performance
data have been limited primarily to ADFG fish ticket harvest records. A
refinement of harvest strategies for PWS sablefish requires better stock
assessment information, particularly data on size and age composition,
distribution, and productivity. In particular, fisheries-independent survey
data were needed.

An annual survey was initiated in 1996 to determine the relative
abundance and composition of groundfish caught on longline gear in
PWS sablefish habitat (Bechtol and Vansant 1997, Berceli et al. 2002). The
primary survey objective was to develop a fishery-independent index of
sablefish abundance to monitor changes in the sablefish resource. Ad-
ditional survey objectives were collection of biological data and deter-
mination of appropriate bycatch limits for non-target species in the PWS
sablefish fishery. Preliminary survey analysis indicates sablefish catch
rates increased from 1996 to 2001, declined in 2002, and then increased
in 2003 (Table 2). Survey catch rates compared favorably to fishery
catches in the subsequent spring for most years (Fig. 2). Although survey
and fishery catches are not directly comparable, fishery duration is deter-
mined preseason based on anticipated effort and catch rates. Additional
analysis is needed to learn if greater catches under a static annual harvest
level are indicative of relative increases in stock abundance.
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Table 2. Unstratified survey catch abundance (fish per set) in
northwestern Prince William Sound, 1996-2003.

Year Sets  Sablefish  Pacific cod Pollock Halibut

1996 31 53.3 7.7 4.2 27.1

1997 20 62.8 3.8 4.7 24.9

1998 26 56.7 6.9 5.4 18.7

1999 21 75.2 4.0 3.1 21.1

2000 24 85.8 0.8 1.4 8.5

2001 23 90.5 2.0 1.0 10.0

2002 27 45.5 9.7 1.3 12.1

2003 31 63.5 4.4 5.6 10.7

Arrowtooth

Year Sets  flounder Rockfish Skates Sharks  Other

1996 31 2.3 3.6 14.5 2.0 0.3

1997 20 1.1 3.3 9.0 2.1 0.9

1998 26 2.2 2.9 13.8 28.8 0.2

1999 21 2.1 1.9 5.4 6.0 0.1

2000 24 0.7 2.7 8.4 3.2 0.0

2001 23 1.9 3.7 9.8 5.4 0.4

2002 27 2.4 2.4 6.7 3.3 0.4

2003 31 3.3 2.8 10.9 15.9 0.5

Evolving management measures

105

A requirement that participants obtain a sablefish interim use card from
the CFEC was the primary management measure in place when the PWS
sablefish fishery developed in the 1980s. Additional measures adopted

by the Alaska Board of Fisheries in 1986 included

e Fishery participants must possess a Prince William Sound sablefish
permit, also called a commissioner’s permit, issued through local
ADFG offices; and

e The fishery opened concurrently with the sablefish fishery in the
adjacent EEZ and closed by emergency order when the PWS GHL was
attained.

In addition to serving as an area registration, the PWS sablefish permit can
be an important fishery management and data gathering tool because it
allows ADFG to place additional management criteria, such as logbooks,
department observers, or catch reporting requirements upon fishery
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Figure 2. Fishery harvest and ADFG survey index for Prince William Sound
sablefish, 1996-2003.

participants. The season opening measure was intended to limit potential
fishing effort in PWS by having vessel operators elect to fish in either PWS
or adjacent federal waters rather than serially fishing both areas. ADFG
annually established the duration of the fishing period based on the GHL,
the projected number of participants, and past fishery performance.
Similar to the pattern in adjacent federal waters, PWS fishing seasons
became shorter as effort and aggregate catch of the fleet increased (Table
1). Total fishery duration decreased from year-round in the early 1980s
to seasons of 24 to 96 hours during the early 2000s. As season duration
decreased, the PWS sablefish fishery became less manageable in an open
access format and ADFG petitioned the CFEC to consider limiting entry.
A limited entry program was initiated for the PWS sablefish fishery in
1996 using 1991 to 1994 as the qualifying years (Muse et al. 1995). The
program established a target of 49 permanent permits, divided into four
vessel size classes (<11 m, 12-15 m, 16-18 m, and 19-27 m) and two gear
classes, fixed (longline and pot) and trawl. The process of awarding per-
manent PWS sablefish permits is ongoing with 61 eligible permit holders
in 2003 (Table 3).
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Table 3. Number of eligible and registered permits, with permit quota
share, for the Prince William Sound sablefish fishery, 2003.

Eligible permits Permit quota (t)
Vessel size Permanent Interim-  Total 2003 Round Dressed
class (m) use registered
A=19-27 1 1 2 1 4.43 2.79
B=16-18 2 1 3 2 4.43 2.79
C=12-15 33 8 41 40 2.00 1.26
D<I11 9 6 15 10 1.65 1.04
Total 45 16 61

Although up to 20% of the PWS total harvest occurred in the Outside
District in some years, the limited entry program considered landings
only from the Inside District and the fishery has been restricted to this
district since 1996 (Berceli et al. 2002). Most Inside District fishing effort
has concentrated in a deepwater trench between Lone Island and the
Naked Island group (Fig. 1).

Following adoption of the limited entry program, fishing effort inten-
sified and fishery duration was reduced to 24 hours to avoid exceeding
the GHL. Fishing periods were also adjusted to provide for daylight open-
ings and closures, with longline fishing restricted immediately before and
after the sablefish fishery to facilitate enforcement (Berceli et al. 2002).
Alaska Department of Public Safety and ADFG monitored the fishery on
the grounds via vessel boardings to verify regulatory compliance. Addi-
tional management measures included (1) sablefish must be landed within
24 hours of the season closure; and (2) sablefish may be retained only by
PWS sablefish permit holders during the directed fishery opening.

Increased competition perpetuated the negative aspects of a derby
fishery, including greater fishing effort, gear loss, and gear conflicts. Gear
conflicts, typically related to tangled longlines and vessel crowding, re-
sulted in lost gear when lines were parted. Another source of “lost gear”
was vessels setting more gear than could be retrieved in the duration of
the fishing period, often resulting in discarded gear. These problems were
exacerbated when the average number of hooks fished per vessel-hour,
where hour is defined as season duration, increased from 436 in 1998 to
668 in 2001, with some smaller vessels tendering additional gear to the
grounds (Fig. 3).

The type and amount of gear set and lost typically varied with vessel
size. For example, smaller vessels were more likely to use snap-on gear
in which hooks are manually “snapped” onto the groundline when set-
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Figure 3. Estimated fishing effort by gear type, based on logbook data and
vessel registrations, for the Prince William Sound sablefish fishery,
1998-2002.

ting gear. Alternatively, larger vessels were more likely to use stuck gear
that has hooks on gangions, short lines that are permanently attached
to the groundline at specified intervals. The greatest difference between
these gear types was the amount of hooks that could be set and retrieved,
particularly during a short duration fishery (Fig. 3). Minimum estimates
of gear lost across the fleet ranged from 6,570 hooks in 1999 to 29,440
in 2001 (Fig. 4). Mortality attributable to lost gear is unknown, but was
likely high.

A quota share program was implemented in 2003 to facilitate a more
orderly fishery and address the conservation issues associated with the
derby fishery. Under this program, half of the GHL is allocated equally
among all registered participants, and the balance of the GHL is allocated
according to the permit’s vessel size class using the following percent-
ages: Classes A and B (27 and 18 m maximum length) vessels = 18.53%;
Class C (15 m maximum length) vessels = 70.33%; and Class D (11 m
maximum length) vessels = 11.14%. These percentages were derived
from the average harvest by vessel size class during 1999 to 2001. A
preseason registration deadline allows ADFG staff to assess potential ef-
fort and establish quotas based on the number of participants registered
for each vessel class.
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Figure 4. Logbook estimates of lost hooks by gear type for the Prince Wil-
liam Sound sablefish fishery, 1998-2003.

To encourage a less intensive fishery and improve economic effi-
ciency and opportunity for fishery participants, new regulations in 2003
also established an extended, split fishing season of March 15 to May 15
and August 1 to August 21. Additional regulatory changes included

e Within 24 hours prior to the opening of the PWS sablefish season,
sablefish may not be possessed in the Inside District on a vessel reg-
istered to participate in the PWS sablefish fishery.

e Avessel operator shall unload all sablefish taken in PWS before tak-
ing sablefish in another area.

e Sablefish may not be taken in PWS if sablefish from another area are
aboard.

e Copies of all completed PWS sablefish fish tickets, issued to a
sablefish permit holder for the current season, must be retained on
board.

e PWS sablefish logbooks must be completed and returned to ADFG
within five days of the closure of the sablefish season.
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e Fishermen must provide at least six hours prior notice of landing and
report the estimated pounds on board, estimated time of arrival, and
the port of landing.

A total of 53 permits were registered for the 2003 fishery with quota
shares ranging from 1.6 to 4.4 t (round weight) for individual permits
based on vessel size class (Table 2). The 2003 harvest totaled 96 t (Table
1) with approximately 75% of the harvest occurring in the spring season.
Compliance with the new management elements was generally good;
quota overages and failures to provide prior notice of landing were the
most common issues. Quota overages were sold with proceeds accruing
to the State of Alaska.

Discussion

The shared quota program appears to have addressed the primary
problems of gear conflicts that resulted in lost gear and unaccounted
mortality, exceeding the target harvest limit, and retention of bycatch.
An estimated total of 1,800 hooks was reported lost during the 2003
fishery, a dramatic reduction from the 2002 level of more than 45,000
hooks (Fig. 4). The harvest remained within the target GHL of 110 t. The
prior notice of landing requirement facilitated opportunities to collect
biological data and addressed most concerns that a longer season would
reduce sampling opportunities. Increasing the prior notice of landing
from six to twelve hours will improve the ability for biological sampling
of landings in unstaffed ports.

One result of the change from the derby style to a less intensive,
more extended fishery has been improved retention of non-sablefish
species. In the traditional sablefish fishery, the vessel operator tried to
maximize sablefish catch during the relatively short season. With the shift
to an extended season, the number of vessels involved in the fishery has
actually declined as permit holders, each with their own quota share,
have pooled their fishing efforts aboard a single vessel. Increased reten-
tion of halibut bycatch from 20 t in 2002 to 57 t in 2003 indicates the
slower paced fishery promoted the retention of halibut, thus improving
full retention for vessel operators with halibut IFQ permit holders aboard
(Table 4). This ultimately reduces competition and fishing effort because
there is greater retention of the species that are caught, decreased dis-
cards, and less discard mortality.

Finally, the longline survey data will likely be incorporated into popu-
lation modeling used to modify the GHR for PWS sablefish. The existing
GHR, in the absence of additional data or analyses, has provided both
sustained yield and relative stability for the industry since being imple-
mented in the mid-1980s (Table 1). To some extent, observed variability
in annual harvests results from changes in relative population abundance.
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Table 4. Catch landings by Prince William Sound sablefish vessels, 1996-
2003.

Number of Number of Pacific
Year vessels landings Sablefish (t) cod (t) Rockfish (t) Halibut (t)

1996 64 65 112.3 0.5 9.2 N/A
1997 50 77 88.6 0.2 7.9 N/A
1998 58 58 105.7 0.4 8.7 N/A
1999 39 41 93.5 <0.1 3.1 N/A
2000 29 29 155.3 <0.1 6.6 0.3
2001 45 45 140.6 <0.1 6.9 11.3
2002 47 48 145.5 <0.1 7.1 20.2
2003 37 63 97.0 0.3 4.6 56.8

Management for a static harvest level has provided for sustained annual
yield in this data-limited situation, but at a cost of foregone harvest op-
portunity in years of greater cohort abundance. PWS sablefish stocks may
be able to sustain greater fishing mortality without a loss in population
productivity during years of greater cohort abundance.

Any amendment to the GHR will need to consider migration of
sablefish stocks both into and from PWS. Although some transboundary
movement is indicated, current tag return data are insufficient to draw
firm conclusions.

Although reports of killer whale Orcinus orca interactions increased
substantially in 2003 (unpubl. data), the effect of different fishery man-
agement strategies on marine mammals is poorly understood. Killer
whales have been documented to selectively forage on sablefish being
retrieved on longline gear (Dalheim 1988). During the 1987 PWS fishery,
killer whales were estimated to have consumed an additional 10% to 25%
of the reported sablefish harvest off longline gear being retrieved (Matkin
1988, Schroeder and Morrison 1988). However, as PWS sablefish seasons
became shorter, fewer whale interactions were reported. Additional re-
search is needed to determine the effects of returning to a less intensive,
longer-term fishery on killer whale interactions.

Rockfish (Sebastes) as a species group are susceptible to overfishing
because they are relatively long-lived, slow growing, and late maturing.
Captured fish, particularly those in the slope rockfish assemblage, tend
to suffer 100% mortality due to embolism. Slope rockfish are commonly
caught on longline gear in PWS waters deeper than 200 meters (Bechtol
2000). The effect on bycatch levels resulting from a shift to a less inten-
sive, yet longer-term sablefish fishery cannot be determined at this time.
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In particular, the effect of hook saturation on different fishing strategies
needs to be examined.

Management strategies for the PWS sablefish fishery have been con-
strained by low-resolution harvest data, lack of biological data, and little
information on migration or stock structure. These data limitations have
resulted in a conservative approach using a static annual harvest level as
the fishery has changed from year-round, open-access to a limited entry,
quota system, with an extended fishing season featuring spring and fall
fishing periods. Although we have identified some of the benefits and
shortcomings of these developments, particularly managing for a static
annual harvest level, this incremental management progression has pro-
vided sustained yield from the resource.
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Abstract

Future management of eulachon fisheries (Thaleichthys pacificus) in the
Fraser River requires a management plan based on objective criteria.
Ideally such criteria would be based on biological indicators and for
each indicator there may be an explicit “reference” point that triggers a
management decision. Usually reference points are determined from an
understanding of population dynamics of a species. The main indicator
for Fraser River eulachon is the spawning stock biomass (SSB) estimated
annually since 1995 from egg and larval surveys. With such a short time
series, we could not define explicit reference points based on population
dynamic models. Instead, for the SSB and other indicators, we defined
several “response” points. These response points are based on our judg-
ment about the reliability of indicators that we think are precautionary
and biologically realistic. We present these response points in the context
of a “traffic light” scenario where, for example, an SSB of less than 150 t,
for 2 consecutive years would represent a red light and fishing would
not occur. A second indicator is an offshore eulachon biomass index es-
timated during annual shrimp trawl surveys in May. A biomass estimate
of less than 1,000 t in offshore waters is a response point (yellow light)
for concern about Fraser River eulachon fisheries. Another indicator is
the assessment of the spawning run and catch data from the Columbia
River fishery which occurs about 4 months prior to the fishery in the Fra-
ser. A poor run or low catch in the Columbia may anticipate low Fraser
River catches and could be a response point (yellow light) for the Fraser
River. The last indicator is test-fishery data collected since 1995; but the
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reliability of these data remains uncertain—comparison of test-fishery
catches with the SSB is promising but not convincing. However, these
data provide a reassurance about run strength that may be useful for in-
season management decisions. The paper concludes with a discussion of
how to reconcile conflicting indicators in the context of the traffic light
scenario.

Introduction

The terms “indicators” and “reference points” have specific meaning in the
context of fisheries management. Within Fisheries and Oceans Canada,
these terms refer to the implementation of Objective Based Fisheries
Management Plans (OBFM) and Integrated Fishery Management Plans
(IFMP). The requirement for the development of such plans for eulachons
(Thaleichthys pacificus) led to the preparation of this report where we
apply the term “indicator” to data or observations related to the state of
population abundance of eulachons. Indicators may consist of a range
of values, usually a time series of data. Within this range we identify
specific points that provide a basis for a fisheries management decision,
such as the opening of a fishery. Available data on Fraser River eulachon
abundance are limited, however, so we cannot estimate specific points
based on population dynamics or statistical models. Instead we provide
different points, called “response points,” that are based on simple bio-
logical criteria. While such response points may lack statistical rigor, they
are based both on our best understanding of the biology and history of
eulachon fisheries in the Fraser River. Therefore the response points are
precautionary and biologically realistic.

We compare several independent indicators for as many years as pos-
sible. These indicators include (1) over 60 years of annual commercial
catch data for the Fraser and Columbia river eulachon fisheries from 1941
to 2002; (2) estimates of Fraser River spawning stock biomass (SSB) from
egg and larval surveys, made annually since 1995; (3) indices of eulachon
abundance in offshore waters based on incidental capture of eulachons
in annual shrimp surveys conducted since 1973; and (4) data from an
experimental test-fishery conducted since 1995 in the Fraser River.

The report begins with a brief description of eulachon life history
and eulachon fisheries in the Fraser River and concludes with a review
and commentary on the efficacy of the indicators. We present a simple
“stoplight” scenario to distinguish and reconcile conflicting indicators and
suggest recommendations for management of Fraser River eulachons.

Biology of eulachons and Fraser River fisheries

The biology of eulachons was reviewed by Hay and McCarter (2000);
therefore we present only a brief overview here. Eulachons are smelts (Os-
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Figure 1. The key sampling locations examined throughout all years (1995-
2002) for estimates of spawning stock biomass (SSB) from egg
and larval surveys. The abbreviations refer to sampling stations
as follows: Deas Island (DI), Barnston Island (Bl), New Westminster
(NW), Tilbury Island (TI). The distance between sampling stations
is approximately 10 nautical miles. The test-fishery was conducted
in the vicinity of New Westminster.

meridae) that occur from the southern Bering Sea to northern California.
Eulachons spawn during the late winter and spring. The earliest spawn-
ing occurs in the Columbia River (the largest run in the world) in January
and February, and the latest in the Fraser (perhaps the second largest) in
April and May. Most populations in northern rivers in B.C. spawn in March
and April. Fraser River eulachons are semelparous with most living for
three years (Hay and McCarter 2000). Probably some spawn at age 2 and
others at age 4 or 5.

A small commercial fishery for eulachons has occurred in the Fraser
River since the early 1900s. The only other regularly occurring com-
mercial fishery on the Pacific Coast is in the Columbia River. Eulachon
stocks declined sharply in the Fraser River in 1994. Concerns about the
apparently low spawning biomass led to research investigations to es-
timate spawning biomass and spawning locations and the introduction
of regulations.
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Figure 2. Temporal variation in spawning stock biomass (SSB) for the
Fraser River, 1995-2002 (adapted from Hay et al. 2002).

Methods
Indicators and data

We examined all available data that were directly related or potentially
related to eulachon abundance in the Fraser River (Fig. 1). To determine
the efficacy of data sets as indicators, and to develop response points,
we examined the temporal variation in each indicator, and when possible
compared temporal trends among different indicators.

1.

Spawning stock biomass (SSB) is estimated as the product of mean
egg and larval (e + 1) density (n per m3) and river discharge (m3 per
s); methodological details are presented in Hay et al. (1997b, 2002).
SSB is estimated as the biomass required to produce the observed
e + | density. SSB estimates are made about one month after spawn-
ing, as eggs hatch, and continue for about an 8-week duration. The
SSB estimate, as an after-the-fact estimation of abundance, has no
direct application as an indicator to management of the fishery in
the same year in which the SSB was made. The SSB estimates began
in 1995. Spawning locations within the river change interannually,
but in general SSB estimates are lowest in the most upstream loca-
tions, above most spawning locations, and greatest in the most
downstream locations. In this paper we show the total SSB for the
entire Fraser River as the sum of the production for the North Arm
and South Arm (Fig. 2).
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Figure 3. Offshore sample locations (gray polygons) examined during the
annual shrimp trawl survey conducted in May of most years. The
numbers within the polygons correspond to the statistical areas
referred to in the text.

2. An annual offshore biomass index was estimated from analysis of
bycatch in annual shrimp trawl research surveys conducted off the
west coast of Vancouver Island since 1973 (Boutillier et al. 1997,
Rutherford 2002). The shrimp trawl survey design is based on sys-
tematic sampling of the shrimp grounds with spatial analysis used
to provide estimates of shrimp abundance (Hay et al. 1997a). Eula-
chon are caught as bycatch in this survey and the method used to
estimate shrimp abundance also has been used to provide an index
of eulachon abundance in the surveyed area. The detailed survey
methodology for assessing shrimp stocks is documented in Boutil-
lier et al. (1998) and Martell et al. (2000). Methods of estimating
the eulachon biomass index from the survey are described in Hay
et al. (1997a). The areas of concentration used for biomass indices
are shown for several areas off the west coast of Vancouver Island:
statistical areas 124 and 125 the combined areas of 121 and 123
(Fig. 3). The latter area is not used as part of the time series index,
because it has only been surveyed for a few of the last 30 years.
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The index is not completely represented for both areas 124 and 125
in all years, so these are treated as two separate indices (i.e., not
summed or pooled). Prior to 1999 the total catch weight of eulachon
taken during the research surveys was the only biological parameter
recorded for eulachon. Beginning in 1999 eulachon were sampled
for length and a subsample of the catch was counted and weighed
to estimate an average number per kilogram. Then age composition
was estimated from length frequency analysis of data (Fig. 4) from
all the tows within a management area (Rutherford 2002).

3. Fraser and Columbia River catch data from commercial fisheries
have been collected since the 1930s (Fig. 5). Columbia River catch
data (ODFW/WDFW 1993) probably are roughly representative of
trends in abundance, at least until the 1990s when catch restrictions
were imposed (Hay and McCarter 2000). In the Fraser River, however,
trends in catch data (Ricker et al. 1954, and DFO unpubl. catch data)
may vary widely from trends in abundance, probably for most of
the last four decades. Instead catch data probably reflects many fac-
tors other than abundance, including limited markets, incomplete
reporting of catch, and changing spawning areas (Hay et al. 2002).

4. Fraser River test-fishery data as a potential indicator. Systematic
catches in the New Westminster test-fishery have been conducted
in the Fraser River since 1995, except 1999. All catches were made
daily using identical gillnet gear (mesh size 3.18 cm or 1.25 inches,
50 fathoms or 92 m long and 380 meshes deep, fished at the same
location [New Westminster], for the same duration [15 minutes], and
at the same stage of tide [low slack at New Westminster]). All catch
was sorted by sex, counted, and weighed, and a biological sample
was collected for further analysis. Catch numbers were tallied each
week.

Results
Temporal trends in indicators

SSB

A plot of the total Fraser River SSB shows substantial variation between
1995 and 2002 (Fig. 2), with lowest years between 1997, 1998, and 2000.
The lowest year was 1997, with an SSB estimate of less than 80 t. As an in-
dicator, a year with a low SSB (i.e., <150 t) should not necessarily be cause
for fisheries management action, such as a closure or a catch restriction,
in the next year. In most years, there are at least three eulachon cohorts
present in the population. Eulachons are subject to considerable inter-
annual fluctuations, so an SSB estimate <150 t would be cause for man-
agement caution, not alarm. Using the example of a traffic light, where
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Figure 4. Size modes of offshore eulachons, corresponding to age groups
1+ (about 15 months of age) and 2+ (about 27 months of age) from
size composition data collected from eulachons in 1997 and 1998
during annual shrimp surveys in May, off the lower west coast of
Vancouver Island (adapted from Hay and McCarter 2000).
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Figure 5. The commercial catches of the Fraser River (A) and
Columbia River (B) by year. Low catch rates for recent
years in both rivers reflect closures and catch restric-
tions based on conservation concerns.
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a green light signals an advance, a yellow light signals an advance but
slower and with caution, and a red light signals a full stop, then a single
year with a low SSB could be seen as a yellow indicator. Two sequential
years with a low SSB, however, would represent a red light indicator—a
full stoppage of all removals.

Annual variation in Columbia and Fraser catches

In the mid-1990s the apparent abundance of eulachons in the Fraser River
was lower than most previous years. Fraser River catches were relatively
high in the 1940s and 1950s but declined in the 1960s and 1970s and
remained low throughout the 1980s and 1990s (Fig. 5A). In contrast to
the Fraser, Columbia River catches remained high throughout the 1970s
and 1980s (Fig 5B). There were some years, such as 1983, when Columbia
River catches were low and also some periods of fluctuations throughout
the time series (see Hay et al. [1997a] and Hay and McCarter [2000] for a
discussion of factors affecting catch sizes in rivers). Given the variation
in Fraser River commercial catch data, it is unlikely that they are use-
ful as an indicator of past trends in abundance. On the other hand, the
relative magnitude of catches in the 1940s and 1950s may provide an
approximate response point for determining present and future catch
levels. Specifically, annual catch levels for much of the 1980s and 1990s
was about 20 t and this appeared to be sustained over several decades.

Annual and spatial variation in offshore biomass indices

From 1973 to 1993 the eulachon index in waters offshore of Vancouver
Island (statistical areas 124 and 125) was variable and without any ap-
parent trend. From 1994 to 1999 eulachon abundance was low in all
surveyed areas. Abundance increased sharply in most areas in 2000 and
all areas were at record high levels in 2002. The biomass index for sta-
tistical area 124 fluctuated between low levels (<100 t) and nearly 2,000 t
between 1973 and the early 1990s, when it declined sharply (Fig. 6A). It
remained low through much of the 1990s but increased sharply in 2000,
and the increase has continued into 2002, to unprecedented high levels.
The offshore index in statistical area 125 follows a roughly similar trend,
although the estimated biomass in most years between 1973 and 1993 is
lower (<1,000 t). Like area 124, area 125 (Fig. 6B) has increased recently,
but the sharp increase did not occur until 2002.

Variation in age composition and origin of offshore eulachons

Approximate age determination of offshore eulachons started in 1999,
based on the distinct modes in length frequency (Fig. 3). The size distri-
bution of eulachons in rivers corresponds to the largest size in the sea,
or ages 2+ years. Because the offshore surveys occur in May, and because
most eulachon probably hatched between March (Columbia River) and
April or May (Fraser River), most eulachons observed in the May surveys
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Figure 7. Patterns of cumulative catch from test fisheries for eulachons in
the Fraser River, 1995-2002. In two of the years, the cumulative
catch did not reach 5,000 pieces (lowest horizontal dotted line).
In all other years, the cumulative catch exceeded 10,000 pieces
(higher horizontal dashed line). See text for further explanation.

would be between 24 and 27 months of age. Most eulachons appear to
spawn at age 3, so the larger size mode would correspond to the spawn-
ing fish in the next spring, following the survey. It follows that if reliable
estimates of the relative abundance of age 2+ eulachons can be estimated
in year n, in offshore waters, this would be a useful indicator of future
spawning abundance in year n + 1. The difficulty with such an estimate,
however, is that we are uncertain of the origin and destination of eula-
chons caught in offshore waters. Preliminary analysis of offshore mixed-
stock samples, based on comparisons of genetic samples from most of
the larger rivers in B.C., indicates that eulachons on the west coast of
Vancouver Island consist of mixtures of Columbia and Fraser river fish,
with most from the Columbia River (Beacham et al. 2005).

Temporal trends in test-fishery data

Although the start and finish dates of the test fishing vary slightly among
years, the duration of the test-fishing activity has included the main
spawning runs (Fig. 7). In general, the earliest fishing days begin ap-
proximately on Julian day 80 (March 21) and extend about 9 weeks until
Julian day 143 (about May 23). Direct comparison of the catches among
years indicates that (1) in some years catches occur earlier than others; (2)
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Figure 8. The cumulative catches of the test-fishery (in pieces, or numbers
of individual fish) by year. The test-fishery was not conducted in
1999.

sometimes there were several periods (or waves) of high catches punctu-
ated by periods with lower catches; (3) total (or cumulative) catches in
some years were much greater than other years. The cumulative catch,
compared among all years (Fig. 8) peaked in 1996, declined sharply in
1997 and 1998, and improved to moderate levels and is steady from 2000
to 2002. No test-fishery was conducted in 1999.

Comparison and contrast among indicator data

Comparison of Fraser and Columbia catches

There is no significant correlation between Fraser River and Columbia
River catches. In some years both rivers had good runs (Fig. 9) but in
many years, when Columbia River catches were high Fraser River catches
were are low (see square symbols in Fig. 9). Therefore, high catches in the
Columbia (i.e., high SSB) do not necessarily provide assurance of a good
run (i.e., high catches or high SSB) in the Fraser River. More important,
however, in all years when Columbia River catches were low (i.e., catch
<500 t), indicated by the points to the left of the vertical dotted line in
Fig. 9, the Fraser River catches also were low. Therefore, low catches in
the Columbia River, where spawning and fishing occurs in January and
February, may provide a rough but useful indicator of years with low SSB
in the Fraser. Specifically, in previous years a catch of less than 500 t in
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Figure 9. Fraser River versus Columbia River catches, 1941-1996. Columbia
River catches were high in some years (shown as the last two digits
beside each point); but Fraser River catches were low, less than
100 t (all points below horizontal dashed line). In contrast, in all
years when Columbia River catches are low (<500 t or all points
to the left of vertical dashed line) the Fraser River also had low
catches.

the Columbia River could be a response point for pre-season Fraser River
management. In more recent years, conservation concerns have led to
catch restrictions in the Columbia River, so a simple estimate of total
catch is not necessarily indicative of relative run size (i.e., SSB). In recent
years, managers monitor daily catches and use other criteria, including
eulachon larval surveys, to provide an appraisal of the spawning run size.
If their post-season assessment of the relative size of the spawning run
is judged to be “poor,” this could be used as an indicator for caution (i.e.,
a yellow light indicator) in the Fraser River.

Comparison of offshore surveys and Fraser and Columbia catches

Hay et al. (1997a) noted that the offshore biomass index was positively
and significantly correlated with Columbia River catches (Fig. 10A,B).
The offshore biomass estimation techniques used in the 1997 report
have been modified and the biomass estimates are reported for separate
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statistical areas (Fig. 3) but the positive covariance between Columbia
River and offshore indices remains, although only for the offshore bio-
mass index from statistical area 124. There is, however, no apparent re-
lationship between the offshore biomass indices and Fraser River catches
(Fig. 11A,B). This precludes the use of the offshore biomass index as a
direct predictor of Fraser River biomass. We caution that this lack of cor-
respondence is based on a comparison of estimated offshore “biomass”
that includes two separate age groups. Also it is made at a point in time
that is one or two years prior to the time when these same fish would be
able to spawn in the Fraser, if that were their ultimate spawning desti-
nation. Also the Fraser River catch data in the 1970s and 1980s are not
necessarily accurate. For these reasons we cannot dismiss the possibility
of a meaningful relationship between the observed offshore biomass and
Fraser River SSB, but we can conclude the data are insufficient to allow
us to use the offshore biomass as a direct pre-season indicator of Fraser
River SSB. On the other hand, a correlation matrix between Columbia and
Fraser river catches, and the offshore biomass index, indicates a signifi-
cant positive relationship between offshore biomass and the Columbia
River (Table 1.)

SSB and offshore biomass

The offshore biomass also can be compared with the much shorter data
series of SSB, from egg and larval surveys in the Fraser River (Fig. 12).
There is no apparent covariance in the comparison of eight years of data,
but the year 1996 is of special interest. This year (1996) had an exception-
ally large SSB estimate of about 1,900 t but the offshore biomass index
was not exceptional. This indicates that the offshore biomass estimates
may not apply directly to Fraser River fish. There are some years when
the offshore biomass is low, and the Fraser appears to be relatively high,
and vice versa. Nevertheless, the lack of a meaningful relationship may
be more attributable to the inadequacies of the data, and when faced
with insufficient information for management of the Fraser River, it is
reassuring to know that eulachons are present in offshore waters. In the
years when the offshore biomass index was very low (approximately
between 1995 and 1999) the Fraser River catches also were low, with the
exception of 1996. Therefore the very low estimates of offshore eulachon
abundance observed between 1995 and 1999 (excluding 1996) would be
cause for caution—but not alarm—about potential catches on the Fraser.
An offshore index of less than 500 t (which occurs in 6 of the 27 years)
would be sufficient to implement fishing restrictions—and this could be
a response point. Such a point would be subject to revision, if the quan-
tification methods for the offshore index were revised.
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Table. 1. A correlation matrix between Columbia and Fra-
ser river catches and the offshore area biomass

indexes.
Fraser catch Columbia catch
124 Offshore index -0.075 0.702
0.746 0.000
125 Offshore index -0.337 0.363
0.158 0.097

The top number of each pair represents the Pearson correlation coefficient, and the lower
number is the probability value. There is a significant positive relationship between
offshore biomass and the Columbia River catches, but the Fraser River catches do not
correspond to either the Columbia River or offshore areas.

Comparison of test-fishery data with catch, offshore, and SSB data

The test-fishery data are significantly correlated with the total Fraser River
SSB (r = 0.924, P=0.003) and with the SSB (Fig. 13). These relationships
are based only on seven points, and the high significance is dependent
only on the 1996 data point. The test-fishery occurs approximately at the
New Westminster site (Fig. 1) but the year in which the high test-fishery
catches were made, most of the spawning occurred below New Westmin-
ster (Hay et al. 2002). Therefore, we do not necessarily accept or dismiss
the close relationship between the test-fishery and the SSB, because there
are some uncertainties associated with test-fishery data. The main value
of the test-fishery data would be as an in-season estimator whereby the
results of the survey would be immediately evaluated and incorporated
into predetermined management schedules. Utilization of test-fishery
data should proceed cautiously because we cannot confirm that the test-
fishery data vary with eulachon SSB. We acknowledge the significant cor-
relation relationship between the test-fishery data and the SSB estimates
(Fig. 13) but reiterate that the relationship consists only of seven points
and the significance is dependent on a single data point.

From the test-fishery-SSB comparison (Fig. 13), the SSB in the two
lowest years (1997 and 1998) was too low to support fisheries. In both
years the cumulative test-fishery catches were below 5,000 pieces (Fig.
7). Therefore, if test-fishery data were to be used for in-season response
points, two points can be identified. One is that there should be a mini-
mum catch level before fisheries are considered, and this could be a
cumulative catch of 5,000 fish. Such a catch failed to occur only in two
years, 1997 and 1998 (Fig. 7). This could be regarded as an in-season
response point for a “start” to a fishery, perhaps at a reduced scale. A
second point, say 10,000 fish, could be used to establish a point where
fishing would occur up to some predetermined point.



132 Hay et al—Management of Fraser River Eulachon

2000 —
% 1996
n
4]
&
i)
m
X
5}
9 1000 —
n
2
2001
c 3 2002
1999 ®
% 8 1995
o
D 1998
.‘997 230
0 —
T T T T T
0 1000 2000 3000 4000
Offshore index - Area 124
2000 —
— ® 9%
»
n
©
&
i)
m
S
Ie) 1000 —
n
o 2001
£ [ ] 2002
c 1999 @
% ® 105
Q 1998
%) 997
0 — .. 2000
T T T T T T
0 1000 2000 3000 4000 5000

Offshore index - Area 125
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Discussion

Management applications: integrated response points and
sequential implementation

The sequential order of appearance of indicators in a year, response
points, biological implications, and limitations are summarized in
Table 2.

The earliest “pre-season” response point is the SSB estimate from the
previous year. Given the short, three-year life cycle of eulachons (Hay et
al. 2002) it would be unwise to consider a fishery opening in any year
when the SSB in the previous two years was below a fixed response point,
because in such a year two and perhaps three consecutive cohorts could
have a low abundance. In this case, the capacity of the stock to increase
could be compromised with a low SSB. For the Fraser River, the response
point associated with the SSB be could be set at 150 t, which is slightly
greater than the approximate biomass estimates observed during the
lowest years of the 1990s (1997, 1998, and 2000). Therefore, if the SSB in
two consecutive years were less than 150 t, no fishery would occur in the
next year, regardless of other indicators. This estimate could be available
by about October of each year.

The second sequential (pre-season) response point: offshore biomass.
Although there is no apparent relationship between offshore biomass and
Fraser River commercial catches, this may reflect incomplete data so it
would be unwarranted to dismiss a possible connection with offshore eu-
lachon abundance. Therefore, precautionary management should require
a minimal level of eulachons in the offshore biomass index: we suggest
1,000 t. Based on the offshore time series, such a limit (i.e., response
point) would have occurred for all years between 1994 and 1999.

The third sequential (pre-season) response point: the Columbia River
catches. Although the Columbia River catch is not correlated to Fraser
River catches, in most years when Columbia catches were low, the Fraser
River catches also were low. A post-season appraisal of the Columbia
river run, as a “poor” run and indicating a low SSB, is a useful qualita-
tive response point. This appraisal of the Columbia run is available by
late February or March of each year, several months prior to the Fraser
spawning time.

The fourth sequential (in-season) response point: the test-fishery. The
time series is short so the relationship of the test-fishery and the SSB is
uncertain. Further, the test fishery catch data gathered to date do not
appear to be sensitive to the wide changes in spawning abundance we
observed through egg and larval surveys, especially at low levels of abun-
dance. The appearance of a highly significant correlation between the
test-fishery and the larval-based SSB is dependent only on the data from
one extreme year (1996) when both the SSB and cumulative test-fishery
catch was very high. Therefore until the test fishery data are shown to
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Figure 13. The Fraser River SSB versus the cumulative Fraser River test-fish-
ery catch (in pieces). A highly significant correlation (P < 0.01) is
dependent on the 1996 data point (see text for explanation).

be reliable, other indicators must be used to make decisions about fish-
eries. If other indicators are positive, then the test fishery has potential
value as a within-season indicator. For instance, a cumulative catch of
5,000 pieces in the test fishery could be a response point requirement
for a partial opening of other fisheries. A test-fishery cumulative catch of
10,000 pieces could be a response point required before a full opening
of other fisheries.

Resolution of conflicting indicators: a “stoplight” approach
If all of the indicators—or response points—point in the same direction
(i.e., all indicating downward or upward trends) then management deci-
sions would be relatively simple. Management decisions would be more
complex and difficult if the signals are mixed. Resolution of mixed signals
can be facilitated by using decision rules that anticipate some of the com-
binations of possibilities. For instance, there are four distinct pre-season
response points described in the preceding sections.

1. SSB < 150 t for one year.

2. SSB < 150 t for two consecutive years.
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3. Offshore biomass < 1,000 t.

4. Columbia River run: post-season appraisal “poor.”

There are at least two potential in-season indicators that might be used.
5. Test-fishery results < 5,000 pieces.

6. Test-fishery results < 10,000 pieces.

There are also at least three different potential management options:
(1) a full fishery; (2) a partial fishery; and (3) no fishery. A partial fishery
may be appropriate during years when the indicators are mixed. These
options are illustrated, using a “stoplight” analogy, relative to nine dif-
ferent combinations of pre-season indicators (Table 3). In this table, the
test-fishery results are shown to be most useful when there are one or
more conflicting signals. In general, when two or more indicators indicate
caution, the fishery should be stopped, or reduced in scale (i.e., a partial
fishery). The decision scenarios in Table 3 are guides, subject to revision.
Probably all the response points would require modification with future
information. Also, there could be reason to consider new indicators, or
reconsideration of some of the indicators identified here.

Precautionary catch levels for the Fraser River

Readers may notice that we presented our descriptions and analyses
of indicators and response points without any mention of the recom-
mended catch levels. This omission was deliberate, because there is no
biological basis for recommending biologically sustainable catches except
by referring to past catch levels. Ideally, catch rates or quotas for the
management of any species should establish catch levels that consider
the size of the spawning stock biomass, age structure, and the biological
capacity of the population to replenish itself. Increasingly, ecosystem
considerations also must be considered; eulachon in the Fraser River
may have an important role as prey for other species, such as sturgeons,
which may rely on eulachons as an important source of energy. For Fraser
River eulachons, there is not enough information to identify catch levels
based on any biological criteria, but past levels of catches may be useful.
In the middle of the last century catches often exceeded 100 t (Fig. 9),
but in the 1980s and 1990s catches were smaller yet relatively consistent
among years (Fig. 11). Specifically, a commercial catch of about 20 t oc-
curred for several decades in the 1970s and 1980s, but this estimate did
not include catch from First Nations and recreational fisheries. The sizes
of these additional catches is uncertain, but in the Columbia River, the
total non-commercial catch may equal or exceed the commercial catch
(G. Bargmann, Washington Department of Fish and Wildlife, Olympia,
Washington, pers. comm.). If the same ratio applies in the Fraser River,
then the combined catches from all “in-river” removals may have been as
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Table 3. Array of sequential indicators showing similar and conflicting
results for specific reference points, presented in the context
of a traffic light regulation for nine different scenarios.

Offshore Columbia Management
Scenario SSB biomass catch response
1. G G G Proceed with full fishery.
Y Y Y
R
2. G G G Proceed with moderate caution,
Y Y Y consult test-fishery results.
R
3. G G G Proceed with moderate caution,
Y Y Y consult test-fishery results.
R
4. G G G Consider only partial fishery.
Y Y Y
R
5. G G G Proceed with caution, consult test
Y Y Y fishery results.
R
6. G G G Proceed with caution, consult test
Y Y Y fishery results; consider only
R partial fishery.
7. G G G Proceed with caution, consult
Y Y Y test fishery results; consider
R only partial fishery.
8. G G G Full closure justifiable.
Y Y Y
R
9. G G G Full closure necessary, conserva-
Y Y Y tion concern.
R

G (green) and Y (yellow) indicate an SSB (spawning stock biomass) of more than and less than 150 t, respec-
tively. Similarly, G and Y indicate offshore biomass greater than or less than 1,000 t, respectively. Y and
G indicate Columbia River post-season runs as “poor” or “better-than-poor,” respectively. The R indicates
a red signal. Each combination of the 9 different scenarios shows bold, underlined letters (G or Y or R),
with alternates shown as non-bold. The suggested management response to each scenario is indicated on
the right. In all instances of conflicting indicators, the suggested response is to (1) proceed with caution
consulting the results of the test-fishery, or (2) proceed with extreme caution, and consider only partial
fisheries. Three independent Y signals are sufficient rationale for a full closure, and a red (R) signal would
require a full closure.
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high as 40 t during this period. Based on the consistency of the catches
in the last few decades, it is probable that a continuation of such modest
catches (“modest” relative to the larger catches of the 1940s, 1950s, and
1960s) would be sustainable. Therefore, with appropriate combinations
of indicators, response points, and decision rules, we suggest that a
maximal catch of 40 t (from all removals) could be taken from the Fraser
on an annual basis.
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Abstract

Although small scale, the majority of fisheries in the Canadian Arctic are
culturally significant and provide an important source of protein to north-
erners. However, they are also data poor. Thus management has been
conducted at a relatively unsophisticated level. In new and developing
fisheries, such as the lake char (Salvelinus namaycush) harvest in the Keith
Arm area of Great Bear Lake, there is often minimal or no prior detailed
scientific knowledge of population sizes, safe harvesting levels, and food
web relationships. In this paper we present a case history on lake char
research and management in Great Bear Lake, Northwest Territories, to
demonstrate how fisheries issues have traditionally been managed in the
Canadian north. Historically, there has been an unstructured pattern of
managing fisheries, and a lack of formal records of management actions
making it difficult to retrace past decisions. In the current framework of
land claims, however, there is a need to have transparency and account-
ability through a structured process that incorporates the opinions of
multiple stakeholders in management decisions. There is also a growing
interest in the use of traditional ecological knowledge (TEK) to comple-
ment scientific data. While the current DFO Regional Advisory Process
does meet some of these needs, we suggest that decision analysis could
provide a methodology to formally incorporate TEK, fishermen’s opinions,
and social and economic concerns into future management decisions for
arctic fisheries. To demonstrate how this methodology could be applied
to the lake char fishery in the Keith Arm area of Great Bear Lake, we used
decision analysis techniques to incorporate the effects of TEK, scientific
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analyses, and fishermen’s opinions into a model to set total allowable
harvest and regulations for the sport fishery.

Introduction

Fisheries in the Canadian Arctic and subarctic are mainly small scale and
localized, but harvest a large number of stocks. Commercial and sport
fishing activities in the north are relatively young, having only occurred
since the shift to living in settlements by aboriginal peoples in the 1950s
(Clarke 1993). Approximately 300 fisheries are managed under commer-
cial quota with an equal or greater number prosecuted for subsistence
purposes (Reist 1997). Noncommercial food fisheries are considered the
most important as the right to subsistence harvest pre-empts all other
concerns, save those regarding conservation. In addition to providing in-
come, fisheries are culturally significant and provide an important source
of protein to northerners. Resource users tend to have a vested interest in
the sustainability of resources due to cultural ties and subsistence needs;
thus there is often (but not always) a desire to self-regulate harvests.

Few resources have been allocated to research and management in
the north. This problem is compounded by the fact that arctic research
is logistically difficult and costly. In new and developing fisheries, such
as the lake char (Salvelinus namaycush) harvest in the Keith Arm area of
Great Bear Lake, there is often minimal or no prior knowledge of popu-
lation sizes, safe harvesting levels, and food web relationships (Clarke
1993).

Fish species occurring in northern regions are generally character-
ized by slow rates of growth, late maturity, and extended longevity with
a reduced spawning frequency and lower fecundity. Lake char represent
an extreme case of this life history pattern. For example, those in Great
Bear Lake are believed to reach maximum ages of 60+ years (Clarke et al.
1989), with age at first maturity from 15 to 26 years (Yaremchuk 1986).
Most unexploited arctic fish populations have large standing stocks com-
posed mainly of large, old fish with extremely low levels of recruitment
(Johnson 1976). This is particularly evident in species at the top of the
food chain such as lake char. The low productivity of these fisheries is not
always apparent in the initial stages of exploitation as “fishing up” of the
standing stock occurs (Ricker 1975). However, once stocks are reduced,
replacement and recovery are usually slow since the existing stocks
represent years of accumulated biomass. This problem is especially
pronounced in lake char, which appear to have evolved an extremely low
replacement rate as a natural population regulation mechanism (Falk et
al. 1973).

To date, management of fish resources in the north has been con-
ducted at a relatively unsophisticated level due to a lack of information
regarding responses of such stocks to exploitation (McCart 1986). Various
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models have been used to determine safe harvest levels and manage fish
stocks; however, most require estimates of stock size, harvest rates, and
life history information such as age, length, maturity, etc. Unfortunately,
stock size estimates are not available for most arctic fish populations.
Although harvest levels are usually recorded for commercial fisheries,
estimates of subsistence and recreational harvests are often incomplete
or unreliable due to the fact that they are largely unregulated. Life his-
tory data are known for some stocks; however, few of these data have
been collected as time series. As a result of the dearth of information,
relatively simple methods have been used to set quotas and estimate
safe harvest levels. Yield indices based on the size of a lake or river sys-
tem or comparative information from other stocks or water bodies are
typically used to set conservative quotas (McGowan 1989, Clarke 1993).
This is usually followed by periodic monitoring of biological indicators
of population status. Quotas and regulations are typically adjusted using
an adaptive management approach through feedback from such monitor-
ing programs.

An important feature of fisheries in the Arctic is the communication
between management agencies and resource users. Research and man-
agement plans are typically discussed with users. Although this began
to develop in the 1970s, land claims have led to formalized cooperative
management through the formation of Renewable Resources Boards.
Comanagement provides the opportunity for local input in planning and
decision-making, integration of science with TEK, and education and
training of resource users in research and management techniques. The
main features of comanagement are that the government relinquishes
control to resource users and the resource users take responsibility for
their decisions. Renewable Resource Boards provide advice; however,
the minister of the Department of Fisheries and Oceans (DFO) retains
ultimate authority for decisions regarding conservation of the resource
(Clarke 1993).

In this paper we present a case history on lake char research and
management in Great Bear Lake to demonstrate how fisheries issues have
traditionally been dealt with in the Canadian north. We then offer a pos-
sible approach for future management of arctic fisheries in the current
framework of comanagement with land claims boards.

Great Bear Lake

Great Bear Lake (Fig. 1) is the fourth largest lake in North America with
a surface area of 31,153 km? (Johnson 1975b). The lake has five arms
(Keith, Smith, Dease, McTavish, and McVicar) radiating from a large central
basin. Its physical characteristics are more similar to lakes of the arctic
islands rather than the mainland of Canada (Johnson 1975b). Great Bear
Lake is cold monomictic and essentially isothermal due to the short open
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Figure 1. Map of Great Bear Lake, NWT, Canada, showing different manage-
ment zones separated by dotted lines. Stippled areas are zones
set aside for subsistence fishing only. Total allowable harvests
(TAHSs) of lake char are given as total humbers of fish.

water season and large volume of water. Surface water temperatures
range from 4°C over the deepest areas of the lake to 15°C in sheltered
areas during the time of maximum heat input in August (Johnson 1975b).
The lake is deep (mean depth 90 m, maximum depth 446 m) and highly
oligotrophic (Johnson 1975b). Productivity is low as indicated by high
secchi depths (up to 30 m) and the low abundance of zooplankton. Great
Bear Lake is characterized by an unusually low number of fish species
(only 12 regularly occurring) considering its size (Johnson 1975a). The
low productivity of this system is believed to result from the combina-
tion of cold temperatures and low nutrient input due to the relatively
small catchment basin of insoluble rock (Johnson 1975b). Lake char, the
primary species, reportedly utilize all areas of the lake, but are most com-
mon in waters of < 30 m (Howland et al. 2004, Johnson 1975a).

The lake and its fisheries have remained relatively isolated due to a
lack of year-round road access. Deline (formerly Fort Franklin), a Dene
community of approximately 800 people located at the south end of Keith
Arm, is the only permanent settlement on the lake. Regularly scheduled
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flights between Norman Wells and Deline take place on a daily basis, and
a winter road provides connections to more southerly communities for
a short period of time each year. Fishing lodges located in other areas
of the lake bring guests directly from southern Canada via chartered jet
services.

The fishery

Subsistence

The Sahtudene (“Bear Lake People”) traditionally utilized the entire area
surrounding Great Bear Lake. They lived a nomadic lifestyle dictated by
movements of caribou which were their main dietary staple (Hall 1978).
Fish were typically captured as a supplementary food source at a variety
of locations around the lakes (Hall 1978). In the early 1950s they began
to take up permanent residence in the community of Deline at the south-
ern end of Keith Arm. At this time large quantities of fish (mainly lake
whitefish, Coregonus clupeaformis, and lake cisco, Coregonus artedii)
were captured as food for sled dogs (Hall 1978).

With the increased use of snowmobiles and the move away from
traditional ways of living there has been a decrease in the amount of fish
required to feed dogs (Crawford 1989). Fishing, however, still remains an
important part of the Dene culture and provides an essential source of
protein. Deline is the main source of lake char in the Sahtu Region. Most
of the harvest is consumed in Deline but fish are also shared and/or bar-
tered with other communities (Bayha and Snortland 2002, 2003, 2004).
Char are harvested using 5-5.5 inch mesh gillnets. Residents occasion-
ally travel to other locations such as the mouths of the Johnny Hoe and
Whitefish rivers (Fig. 1) to capture whitefish that congregate in these areas
at particular times of the year (Miller 1947). Small mesh (3 inch) gillnets
which were traditionally used to capture lake cisco are now rarely used.

There has never been a lake char quota for the Keith Arm area of
the Great Bear Lake, and past harvest levels for this fishery are poorly
recorded since there were no requirements for reporting of catch by
subsistence fishers. With the settlement of the Sahtu Land Claim, surveys
have recently been carried out to estimate the level of the subsistence
harvest by Sahtu beneficiaries (Bayha and Snortland 2002, 2003, 2004).

Recreational

Great Bear Lake represents one of the two major sport fisheries for lake
char in the Canadian north (the other is located in the east arm of Great
Slave Lake) (McCart and den Beste 1979). Great Bear Lake and the east
arm of Great Slave Lake are world renowned for containing large num-
bers of trophy size lake char (Low and Taylor 2004). Lodge development
on Great Bear Lake began in the late 1950s, with the majority of lodges
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establishing themselves during the following decade (Johnson 1975b).
Fishing activity by the lodges has been concentrated in the four arms of
the lake excluding Keith Arm. There have been 4 to 6 lodges in operation
at any given time (Fig. 1) with up to 1,300 mainly out-of-territory guests
annually (Yaremchuk 1986). At the present time four lodges operate on
various arms of the lake, and recently a fifth lodge was built in Deline
(Fig. 1). Although this lodge has been running for several years, the outfit-
ting operation was launched in August 2004.

Commercial

There has never been a commercial fishery on Great Bear Lake, with the
exception of a limited fishery to supply the needs of other communities
and itinerant anglers in the region (Clarke et al. 1989). Studies were con-
ducted in the 1940s, to determine the commercial potential of a fishery
(Miller and Kennedy 1948); however, based on the oligotrophic nature
and limited productivity of the lake, recommendations were against any
such development. Since this time there has been occasional renewed
interest in the development of a commercial fishery by the community
of Deline. Experimental fishery licenses were issued to the community in
1982, 1983, and 1986 and again in the early 1990s (DFO 1985, McGowan
1989, McGowan et al. 1993); however, catches were poorly reported and
the fisheries were never converted to commercial status.

History of research and management in Great
Bear Lake

Management of Great Bear Lake has largely been focused on the sport
fishery. The history from the first biological surveys in 1945 to the
present is presented in Table 1. The history of lodge development was
characterized by an initial rapid expansion and then subsequent decline
as fish resources became scarce. The fishery and lodges went through a
recovery in the late 1980s and 1990s culminating with the development
of the Grey Goose Lodge in Deline in the mid-1990s. Management actions
have been primarily aimed at controlling the catch and possession limits
of sport anglers. These limits have gradually declined from 5 and 10, to 1
and 2, respectively. Research into the harvest and state of the stock(s) has
been discontinuous with the most intensive work occurring in the 1980s.
Initial stock assessments (summarized in Yaremchuk 1986) were primar-
ily based on standard creel census data collected between 1972 and 1980
from char stocks fished by the various lodges. These studies generated
detailed time series of catch per unit effort, harvest and release rates, size
and age structure (e.g., Fig. 2a), and growth of harvested char stocks as
well as estimates of natural and fishing mortality and equilibrium yield.
Later assessments (1984-1985) included experimental gillnetting and
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Figure 2a. Age frequency from angled catches at Great Bear Trophy Lodge,
Smith Arm 1973, 1976, and 1980. Data from Yaremchuk (1986).
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Figure 2b. Age frequency from Great Bear lake basins; Smith, Dease, McVicar,
and McTavish arm data from Roberge and Dunn (1988); Keith Arm
data from this study.
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intensive creel census studies (Roberge and Dunn 1988). Lake char age
structure variation based on these studies is shown in Fig. 2b.

The most significant changes in management and research occurred
with the formation of the Great Bear Lake Management Committee in 1986
and the Sahtu Renewable Resource Board in 1994. A number of manage-
ment decisions intended to preserve the trophy status of the fishery
were implemented in the 1980s largely as a result of recommendations
by the Great Bear Lake Management Committee, which was composed
of representatives from government, the lodge industry, and the com-
munity of Deline. The most important recommendation was to divide
the lake into management areas on the assumption that char had limited
movements (Yaremchuk 1986). Total allowable harvests (TAHs) were then
assigned to each area based on studies by Roberge and Dunn (1988). It
was thought that this management system would encourage lodges to fish
more conservatively. Keith Arm and the south end of McVicar Arm were
reserved for subsistence use only. A moratorium was placed on further
expansion of the recreational fishery with the exception of a provision
for the community of Deline to build one additional lodge in Keith Arm.
No commercial fishing was allowed in arms where lodges were situated.
Lodge operators were urged to minimize harvest of lake char below tro-
phy size; catch and possession limits were further decreased to one and
two in 1991.

These management changes appear to have been effective as the
lodges have gradually developed a more conservative approach to fishing.
This was in part due to changes in regulations, but the lodges also appear
to have learned through their own mistakes. It is in their own best inter-
ests to maintain trophy status of the fishery since this, along with the
remoteness of Great Bear, is what makes it unique among sport fisheries
and continues to bring in tourists. Allocating specific areas to individual
lodges has probably encouraged lodge owners to manage their designated
areas carefully and has allowed the fishery to recover with relatively little
enforcement. Although regulations allow for a small number of fish to
be retained, all lodges currently operating have a policy of releasing all
char caught with the exception of some smaller char which are retained
for shore lunches (G. Low, DFO Hay River, NWT, pers. comm.). Although
the continued return of guests and the captures of world record trophies
in the 1990s (Low and Taylor 2004) suggest the fishery is recovering,
updated stock assessments are needed to confirm this.

Although recommendations were made by the Great Bear Lake Adviso-
ry Committee for continued monitoring of char stocks at less than 5 year
intervals and the need to obtain a relative measure of stock abundance
was identified (Clarke et al. 1989), no biological studies were conducted
in the 1990s. The implementation of the Sahtu land claim (1994) and a
desire to pursue development of recreational and commercial fisheries
in Keith Arm has led to renewed interest in conducting stock assessment
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studies on Great Bear Lake. From this point the lake has been comanaged
between the Sahtu Dene and Metis and DFO. Comanagement has led to a
more complex but more realistic assessment of management issues due
to the interplay between subsistence, sport, and potential commercial
fisheries. We are currently conducting an intensive stock assessment of
lake char in the Keith Arm area (never previously assessed) over a 5-year
time frame (2000-2004). Additionally we have begun to reassess lake char
in each of the other four arms of the lake.

Current management issues in Great Bear Lake

Management decisions to date have been somewhat ad hoc in nature.
There is no clear record of management actions to date, nor the scien-
tific bases upon which management actions were taken. Factors such as
economics and opinions of resource users presumably had an influence
on decisions; however, there are no records of how these factors were
incorporated into the process.

In spite of the shortcomings, management appears to have worked
relatively well over the long-term. This has, in part, been due to a desire
by lodge owners to self-regulate harvests in the latter years of the sport
fishery, and because the fishery was relatively simple with respect to
overlap between resource users. To date, management decisions regard-
ing fisheries in Great Bear Lake have mainly been concerned with regulat-
ing the sport fishery since there was no commercial fishery on the lake
and subsistence fishing was largely isolated to the Keith Arm area.

With development of the lodge industry in Keith Arm, recurring
interest in development of commercial fisheries by local residents of De-
line, and a substantial subsistence fishery, there are now more complex
management issues relating to allocation of fishery resources. Given that
subsistence fishing is an integral part of the Dene culture, it will have
to be balanced against the goals of any developing commercial or recre-
ational fisheries. These issues may be further complicated by impending
hydroelectric and hydrocarbon development, climate change, and demo-
graphic changes in the local population. We must try to determine what
combination of subsistence, recreational, and commercial fishing will
provide the greatest employment and economic benefits, while preserv-
ing the culture and lifestyle of the community and ensuring conservation
of the fishery.

In the current framework of land claims we are faced with the need to
incorporate opinions of multiple stakeholders in management decisions
and to have transparency and accountability throughout the process.
As well, there is a growing interest in the use of traditional ecological
knowledge (TEK) to complement scientific data (Berkes 1994, 1999). With
the increased availability of formalized TEK studies in northern regions,
we are now in a position to utilize such information in fisheries manage-
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ment decisions. The regional advisory process (RAP) employed by DFO
is designed to include all stakeholders in the fishery. This process brings
together fisheries scientists, harvesters, aboriginal community repre-
sentatives, and other groups to discuss the status of various stocks. The
resulting stock status reports are accompanied by written proceedings of
the meeting so that both the formal and informal aspects of the meeting
are available for future reviewers to understand the outcome.

Although the RAP is a step forward in recording both scientific and
non-scientific rationales for decision-making, it still may be difficult for
future reviewers to see exactly how much weight was placed on one piece
of information compared to another. There have also been difficulties in
formally integrating TEK with scientific information since they represent
different perspectives on the biological world (Berkes 1999). The former
often focuses on unusual events because these are critical to the survival
of the human population. The latter focuses more on the average or
mean events with unusual events considered as outliers. Scientific data
are numerical and can be analyzed using formal statistical procedures
whereas TEK is generally not numerical and does not lend itself to con-
ventional statistical analysis. Finally, TEK has alternately been treated as
a quasi-religious entity that is unassailable or dismissed out of hand as
being completely anecdotal or opinion (see Berkes 1999). This reverence
and skepticism could be put aside if the information could be placed in
a framework to test its reliability in decision-making.

Historically, fisheries science has relied upon formal statistical mod-
els. However, decision-making in fisheries management has not been
undertaken using these models alone, but relies on guesses regarding
areas of uncertainty and may be heavily influenced by political, economic,
and cultural concerns. As noted by Wilimovsky (1985), when records are
available, formal scientific predictions on fisheries have almost always
been modified by judgment where there is uncertainty. There is no stan-
dardized approach to modifying fisheries management decisions in the
face of uncertainty; thus two or more individuals may arrive at different
management recommendations. For arctic fisheries the problem is to find
a methodology that allows for formal consideration of uncertainty and
the inclusion of non-scientific information and opinions of resource users
without compromising the principles of scientific fishery management.

Future management approaches

Decision analysis is a tool that can be used when a decision must be made
in the absence of complete information (Raiffa 1960). Decision analysis
can formally incorporate both value-based and quantitative information
into an analytical framework (Clemen 1996). Thus, decision analysis could
provide a methodology to formally incorporate TEK, fishermen’s opinions,
and social and economic concerns into fishery management decisions.
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The benefit of this approach lies not in removing the decision-making
authority from decision-makers but in providing a focus for identifying
and examining all components and factors (Clemen 1996).

Decision analysis framework for managing Keith Arm lake
char in Great Bear Lake

To demonstrate how decision analysis could be applied to the fishery
in the Keith Arm area of Great Bear Lake, we propose to use decision
analysis techniques to incorporate TEK, scientific data, and fishermen’s
opinions into a model to set the TAH and associated regulations for the
sport fishery. The objective is to maximize the lodges’ fishing success
while maintaining a stable fish protein supply for the community of
Deline. We used decision programming language (DPL; Clemen 1996) to
construct an influence diagram (Fig. 3) and thence a decision tree for the
fishery problem.

The model

To model the goal of maximizing lodge success it was assumed that there
was a simple relationship between costs and revenue (Fig. 3). Lodge suc-
cess (profit) was influenced by three things: the number of guests (nights
stayed) paying to attend the lodge, fixed costs of maintaining the lodge
and boats (repairs, taxes), and operational costs (wages, fuel, meals).
Thus:

Profit = (revenue from guest stays) — (fixed costs + operating costs),

where profit is lodge success. Operating costs were assumed to be related
to the number of guest stays.

The number of guest stays was related to several factors: price per
guest, the quality of the wilderness experience offered, and the frequency
of trophy fish captured with time. The price per guest was fixed and
therefore is without uncertainty for any year. The quality of the wilder-
ness experience is influenced by the density of anglers and the presence
of settlements. Lodge owners have stated that the presence of gillnets re-
duces the quality of the wilderness experience for the anglers. Thus, this
factor was further influenced by the location of fisheries. The frequency
of trophy fish taken was influenced by the number of large fish released
during the subsistence harvest (which usually releases large fish) and the
sport harvest as well as the mortality rates of released fish.

The likelihood that the community of Deline would have a stable
food supply was considered to directly depend upon the stock size of
lake char. The latter was modeled as:

Stock size after fishing = previous stock size + recruitment — removals
from fishing (Fig. 3).
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Figure 3. Generalized influence diagram for decisions on changing the total
allowable harvest (TAH) in the Great Bear Lake lake char fishery. The
rounded rectangles represent consequences or calculation nodes,
the ovals represent chance or variable nodes, and the rectangle
represents the decision node.

Recruitment success was considered to be uncertain and probabilistic
and dependent upon the number of large breeders in the population. The
latter was influenced by the success of the catch and release of large fish
by both the subsistence and sport fisheries. Fishing was subdivided into
sport and subsistence harvests.

The model to set the TAH and associated regulations was consid-
ered to be influenced by five factors: the previous quota; needs of the
subsistence fishery; biological analyses; TEK; and fishermen’s opinions.
Subsistence needs were set at a fixed level that limited the number of
fish available to the sport fishery. It was assumed that previous TAHs
from other areas of Great Bear Lake and existing regulations would also
influence the initial TAH for the Keith Arm sport fishery. Techniques for
the scientific analysis of yield are well established and it is assumed that
the stock assessments presented to the RAP represent the best possible
estimates of sustainable yield given the available data. However, to allow
for uncertainty this was analyzed as a chance node in the model. This
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allowed different risk options to be presented. Similarly, TEK was mod-
eled as a chance node to reflect variation in opinion among elders in the
community. Elders might be defined from the community perspective or
by an age cut-off. Most elders are over the age of 55. The elders could be
asked whether they favored a decrease in TAH to a certain level, status
quo, or an increase to a certain level. Alternatively, elders could be asked
if they thought it was a good idea to maintain the present regulations, or
increase the daily allowable take per angler or decrease it, and the per-
centages for each choice used to develop a probability distribution.

The opinion of the subsistence fishers was modeled as a chance node
to reflect variation in their opinion. The fishermen could be asked ques-
tions similar to questions asked of the elders, and the percentages for
each response used to develop a probability distribution.

Posing a direct question about the decision or the state of the fish
population is a method of collecting expert opinion known as the Delphi-
Technique (Zuboy 1981). The assumption is that both elders and fisher-
men in a culture that passes on information by oral tradition would have
considerable knowledge of the system, but little that is formally written
down. They model the world by synthesizing a large number of factors in
their minds and then giving an opinion on the state of the system.

An alternative approach to obtain TEK is to ask the local people a
number of specific questions to fill knowledge gaps in the scientific in-
formation. For example, the elders may be asked “Are the fish larger or
smaller than when you fished 30 years ago?” If the majority of the elders
thought that fish were smaller after a few years of sportfishing, a re-
searcher might conclude that the stock has been affected by this activity.
The problem is that researchers must ask the right questions—perhaps
the elders also know that the growing season has been much shorter for
the last few decades or that during the war the military took out enor-
mous amounts of fish (with a resulting increase in average size of the
remaining stock). Secondly, with this method, researchers still rely upon
a Western scientific interpretation of what the elders are saying. Because
TEK and the scientific approach are intertwined, it is difficult to sepa-
rate whether the traditional knowledge or the scientific data are flawed
thereby producing erroneous conclusions. We are not suggesting that
this standard approach is worse, but that there is a case for a simplified
decision framework such as we present here. Alternatively a hybrid of
these two approaches could be used within the framework we describe
by using TEK to supplement biological data, while at the same time also
directly asking opinions of elders and fishermen.

In our approach the output from fishermen’s opinions, TEK, and
scientific analyses were combined to determine if a change in TAH was
desirable and to what level. The decision node was modeled as a “YES” or
“NO” option. The “YES” option was modeled as:



156 Howland and Tallman—Management of Lake Char

Change TAH = [(A x Biological Analysis + B x TEK + C x Fishermen’s
Opinions) = 3] + Previous TAH

in which Biological Analysis could be the expected value of the probabilis-
tic node developed from RAP advice, TEK would be the expected value of
the opinion of the community elders, and Fishermen’s Opinions could be
the averaged opinion of all the active subsistence fishermen. A, B, and C
are coefficients for weighting the reliability or importance of the biologi-
cal analysis, TEK, and subsistence fishers’ opinions, respectively. In the
general model A, B, and C are set to 1, but in many cases the weighting
might be less than one for some of these inputs depending on the confi-
dence in the information provided. The results from this equation would
convert all information to a common set of values. The output would be a
number multiplied against the previous TAH to determine the new TAH.

Conclusions

The case history of Great Bear Lake demonstrates some of the issues
common to arctic fisheries, where research must be done with limited
resources and decisions must be made with limited data. Historically,
there has been an unstructured pattern of managing fisheries on this lake
and a lack of formal records of management actions, making it difficult
to retrace past decisions. The current DFO RAP process is a step forward
in that both scientific and non-scientific rationales for decision-making
are recorded. Still, there are difficulties in determining the relative influ-
ences of different pieces of information and in formally integrating TEK
with scientific information.

We suggest that managers should consider the use of decision
analysis as a flexible tool that can provide an approach to solving multi-
attribute problems presented by many fisheries. It permits integration of
scientific information with TEK and other information sources (opinion,
economics, cultural, and political). A decision analysis allows explicit de-
scription of both quantitative and qualitative components of the problem
in a modeling framework and influence diagrams provide a framework
for inputs by experts and informed laypersons. Furthermore, we believe
that resource users are likely to identify with the method since it mimics
their natural decision-making process. Thus, it may provide a reasonable
approach for making future decisions in arctic fisheries.
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Abstract

Innovative Fishery Products Inc. has managed a 1,682 ha quahog (Mer-
cenaria mercenaria) lease in St. Mary’s Bay, Nova Scotia, Canada, since
1997. A management strategy based on population modeling is desired
to optimize production on a long-term basis. This requires a description
of life history parameters, and data on the quahog population and its
commercial exploitation. The objectives of this study were to describe
the data collected on the commercial fishery, estimate quahog densi-
ties, and calculate preliminary mortality rates for the population. Mean
densities ranged from 48.3 to 88.4 individuals per m? during surveys
conducted in June 2001 and 2002, and May 2003. Densities were higher
than those typically described for commercially harvested quahog beds.
The mean age to market was 7 years. Spat recruitment was variable and
age frequency graphs suggest immigration of juvenile quahogs between
the ages of 3 and 6 years onto the intertidal portion of the lease area.
Survival was estimated between 24 and 37% for 7-8 year old quahogs
using catch curve and analysis of covariance techniques, where commer-
cial exploitation only represented 5-10% of the loss. Causes of apparent
high natural mortality are unclear, but winterkill due to ice abrasion or
scouring, predation, and the movement of quahogs from the lease ap-
pear reasonable.
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Introduction
Quahog population distribution in Atlantic Canada

The northern quahog (Mercenaria mercenaria) is a bivalve found in shal-
low coastal waters from the Gulf of Mexico to its northern limit in the
southern Gulf of St. Lawrence. These bivalves are found in small patches
or large beds in both intertidal and subtidal reaches of coastal embay-
ments, from muddy sand to sand-based sediments (Grizzle et al. 2001).
The geographical distribution of this species in Atlantic Canada is limited
to areas where summer water temperature exceeds 20°C (Landry and
Sephton 1996), and therefore wild quahog populations typically occur in
the southern portions of the Gulf of St. Lawrence (Fig. 1). Two populations
have been documented in the Bay of Fundy region of Atlantic Canada,
one of which in St. Mary’s Bay, Nova Scotia, Canada. However, details on
their origin and actual population structure have never been described
(Whiteaves 1901, Dillon and Manzi 1992). Innovative Fishery Products Inc.
(IFP) manages this population, which represents the only commercially
viable quahog stock in the Bay of Fundy. This paper represents the first
study of the St. Mary’s Bay population.

Lease production and fishery management

Quahogs are harvested in St. Mary’s Bay from May to November with the
peak harvest period occurring from June to September. The annual har-
vest has ranged from 95 to 370 t since commercial harvesting began in
1997 (Fig. 2). Lease management is based on (1) routine visual inspections
for quahogs of the intertidal portion of the lease prior to the harvest sea-
son; (2) harvest rotation whereby the lease area is harvested in plots and
plots may not be harvested every year; (3) a minimum shell length of >50
mm, although the harvest may include a small percentage of individuals
between 45 and 49 mm; (4) daily harvest monitoring; (5) a harvest season
from May to November; and (6) active lease enforcement throughout the
year where IFP reports illegal lease harvesting to Department of Fisheries
and Oceans (DFO) enforcement officers. IFP and DFO entered into a four-
year partnership to evaluate the use of population models to develop
long-term management strategies to optimize quahog harvesting on the
lease. St. Mary’s Bay was considered to be ideal for population model-
ing. The St. Mary’s Bay population appears to be an isolated population
whereby immigration or emigration are currently considered negligible,
the population can be readily surveyed, the lease area is managed by one
user group, and good data on daily harvest and fishing effort are avail-
able. A precursor to population modeling is the requirement for a clear
understanding of the life cycle of the population and basic population
parameters. The objectives of this study were to describe the quahog
population in relation to commercial harvesting in St. Mary’s Bay and to
estimate preliminary mortality rates using basic fisheries techniques.
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Gulf of St.
Lawrence

Figure 1. Northern quahog lease located in St. Mary’s Bay, Nova Scotia,
Canada. Sam Orr’s Pond, near St. Andrews, New Brunswick, is
represented by the star. The northern quahog is typically found
in the Gulf of St. Lawrence as described by dashed oval.
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Figure 2. Annual harvest of quahogs from St. Mary’s Bay, Nova Scotia,
Canada.

Materials and methods

Population surveys

The study area includes the entire lease, which has a surface area of
1,682 ha with a maximum intertidal zone of 628 ha where the quahog
is the dominant bivalve. The intertidal zone gradually slopes from the
high to low tide mark and the substrate is largely mud and a mud-sand
mixture. Pre-harvest population intertidal surveys were conducted in
collaboration with IFP in June 2001 and 2002, and in May 2003. In June
2001 and 2002, surveys consisted of one sampling station per 500 x 500
m sampling unit for a total of 45 stations. A sampling grid 500 m east by
250 m south was used during the 2003 intertidal survey for a total of 95
stations. However, only the 45 traditional stations used in the June 2001
and 2002 surveys were used for survey comparisons with the May 2003
survey. During the May 2003 survey, 10% of randomly selected stations
were also resampled.

At each sampling site, the upper sediment layer was collected to a
depth of 25 mm from a 0.25 m? quadrat with small garden shovels and
rinsed through a 2 mm mesh sieve, as spat and juvenile clams are typi-
cally found at this depth. Samples were bagged and frozen at —-30°C until
sample processing. All clams were then removed from the sediment by
hand to a maximum depth of 15 cm. All clams were bagged and frozen
at -30°C until sample processing. Shell length was measured to the near-
est 1 mm with digital calipers. Whole frozen weight was measured to the
nearest 0.1 g with a top loading digital balance.

Commercial harvest data

IFP measured the daily weight of quahogs harvested by each clam digger
from 1997 to 2003. The harvested quahogs were sampled twice weekly
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during 2003. For each sample (n = 200), the length frequency, to the
nearest millimeter, and the sample weight, to the nearest 0.01 kg, were
recorded.

Age determination

Quahogs (n=362) from the June 2002 survey were aged using techniques
developed for surf clams, Spisula solidissima (Ropes and O’Brien 1979,
Jones et al. 1990, Sephton and Bryan 1990). Thin sections were excised
from the right-hand valve of specimens ranging from 25 to 110 mm shell
length. The valve was secured to the manipulative support of an Isomet
low speed geological saw and a 2 mm section was sliced between two dia-
mond wafer cutting blades, one of the blades cutting just anterior of the
umbo, yielding a highly polished thin section. The umbo side of the sec-
tion was glued to a glass slide and viewed under a dissecting microscope
at 25%. The number of annuli was counted within the outer and middle
shell layers in the radial section from the umbo to the ventral margin.

Few quahogs older than 10 years were collected from the survey; thus
the growth curve could not be properly estimated. Also, bivalves typically
have highly variable growth rates whereby length frequency intervals of
larger animals may encompass several age groups. Therefore, an age-
length matrix coupled with the length frequency of the population was
used to estimate the age composition rather than using a deterministic
relationship between age and length (Hilborn and Walters 1992). Lengths
for which age could not be determined were assigned to an unspecified
group.

First the age-length matrix derived from the 2002 survey was used
to calculate the proportion at age of quahogs for each 1 mm shell length
interval. This age-length key was used in conjunction with the respective
length frequencies for the June 2001 and 2002 and May 2003 population
surveys. The numbers obtained for each age class were expanded to the
survey area by multiplying the numbers at age by the ratio of the total
survey area to the sampled area. The same age-length key was used to
obtain an estimate of the age composition of the 2003 commercial har-
vest up to September 15, which made up most of the harvest.

Preliminary estimates of mortality rates and survival

Total instantaneous mortality rates (Z) were estimated from catch curve
analyses on the yearly age compositions for the surveys and commer-
cial harvest (Ricker 1975). This analysis assumes that recruitment and
mortality rates are constant over the period determined by the number
of age-groups used in the calculation. The slope of the descending limb
of the natural logarithm of numbers at age is an estimate of Z. Only ages
7-10 years were used in the analysis because few individuals older than
10 years were collected.
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Estimates of Z also can be obtained from catch curve analyses con-
ducted along individual cohorts. This approach removes the assumption
that cohorts are of similar abundance but requires data over several
years. For the time series of pre-harvest surveys (2001-2003), a modi-
fied catch curve analysis was used. Sinclair (2001) used this approach
to estimate total mortality rates of southern Gulf of St. Lawrence cod
(Gadus morhua). The method is essentially an analysis of covariance and
assumes that mortality rates in 2001-2002 and 2002-2003 were similar.
We note that fishing effort over the lease area in 2001 and 2002 were
relatively constant (3,145 and 3,198 harvester days respectively). This
would imply that at least the fishing portion of the mortality rate may
have been constant. The statistical model used was

In Ay=Bo+ B Y+Pl+e

where Ay ls the number of quahogs of age iin year j, Yis a class variable
indicating year class, and I is the covariate age. B, are year-class effects
and B, is the estimate of total mortality in the time period.

For 2003, an exploitation rate for the fishery up to September 15
could be calculated because the harvest had been sampled. The exploi-
tation rate was the ratio of the numbers of quahogs harvested to the
numbers of quahogs estimated from the May 2003 pre-harvest survey
for quahogs with shell length >45 mm. In addition, the fraction of the
biomass removed by the fishery was estimated for all three years by
dividing commercial landings by the estimated biomass of animals with
shell-length >45 mm from spring surveys.

Finally, estimates of survival rate, S, were calculated using the stan-
dard equation S= e %

Results
Population surveys and age to market

Mean quahog densities ranged from 50 to 90 individuals per m? from
2001 to 2003 (Table 1). A comparison of mean densities with and without
spat (quahogs with shell length <5 mm) suggested variable recruitment
in 2002 and 2003 (Table 1). Few quahogs >10 years old were collected
during the 2001-2003 surveys (Tables 2 and 3, Fig. 3).

The age composition of quahogs larger than 25 mm, sampled in the
surveys of June 2001 and 2002 and May 2003, showed a similar age struc-
ture in the three years of the surveys (Fig. 3). Age 7 was the dominant age
class. In 2003, age 7 was also the dominant age class of the commercial
harvest, and the 258 t of harvested quahogs was equal to 4.2 million
individuals.
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Table 1. Mean quahog densities (individuals per m?2) for St. Mary’s
Bay, Nova Scotia, Canada.

Density? DensityP
Survey Density without spat shell length >30 mm
year n X se X se X se
2001 45 54.8 13.1 n/a n/a 46.8 12.2
2002 45 88.4 159 49.0 14.5 43.7 13.6
2003 45 483 10.5 42.0 10.4 57.7 13.4

aSpat were those individuals with a shell length of <5 mm.
bData presented for comparison to Fegley (2001).

The symbols “n/a” indicate data are not available, “x” refers to the mean, and “se” refers to the stan-
dard error.

Estimates of mortality rates

Catch curve analyses of the 2001-2003 surveys (Fig. 4) as well as the
fishery harvest (Fig. 5) suggested that total mortality of quahogs 7-10
years of age was high with estimates of Z ranging from 1.00 to 1.42, im-
plying annual survival rates of only 24 to 37%. The modified catch curve
analysis of survey numbers indicated no significant difference (P < 0.05)
in year-class abundance for the 1992-1995 cohorts, quahogs aged 7-10
years in 2001-2003. The steepness of the common slope also suggested
a high rate of mortality (Z= 1.32). As a result, a catch curve analysis was
conducted using the pooled data which gave an estimate of Z = 1.40
equivalent to a survival rate of about 25% (Fig. 6).

While total mortality was estimated to be high, mortality attributed
to commercial harvest of the lease appears to be low. The exploitation
rate for 2003 was calculated to be 3.0% for quahogs >45 mm. For all three
years, the estimated proportion of the fishable biomass taken in the fish-
ery ranged from about 5 to 10% .

Discussion

Quahog densities in St. Mary’s Bay were 3-10 times higher than com-
mercially harvested populations in the Gulf of St. Lawrence (Landry et
al. 1993). In North America, Fegley (2001) reported that 80% of density
studies found relatively low population densities of 1-15 individuals
per m? for quahogs >30 mm. The other studies documented densities
of >500 individuals per m2. Because the high densities described by
Fegley (2001) were reflective of intensive shellfish aquaculture and
rarely occur in nature, the densities observed in St. Mary’s Bay (Table 1)
were higher than other natural quahog populations in North America
(Castagna 1984, Fegley 2001).
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Table 2. Length frequency, shell length
in mm, of northern quahogs
from population surveys (n =
45 traditional stations) con-
ducted in June 2001 and 2002
and in May 2003 in the lease
area in St. Mary’s Bay, Nova
Scotia, Canada.

Shell length (mm) 2001 2002 2003

1-5 66 447 71
6-10 4 21 34
11-15 1 3 9
16-20 0 5 6
21-25 4 11
26-30 25 25 5
31-35 67 61 29
36-40 103 115 74
41-45 124 129 110
46-50 107 92 113
51-55 55 44 90
56-60 34 23 42
61-65 8 6 15
66-70 6 5 6
71-75 2 3 1
76-80 3 2 0
81-85 4 1 0
86-90 0 1 4
91-95 2 0 0

96-100 2 1 0
101-105 0 0 0
106-110 0 0 0
111-115 0 0 1

Total 617 995 618
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Table 3. Age composition of quahogs of 25 mm and larger from popula-
tion surveys (numbers expanded to the survey area) conducted
in June 2001 and 2002 and May 2003 and from the 2003 com-
mercial landings in the lease area in St. Mary’s Bay, Nova Scotia,

Canada.
Population surveys (thousands) Landings (thousands)
Age 2001 2002 2003 2003
3 2,425 2,039 1,996 0.1
4 4,369 3,949 1,955 0.2
5 22,119 24,061 12,392 19.2
6 59,755 56,786 52,854 692.8
7 107,617 101,312 104,149 1,965.2
8 46,912 44,341 46,625 807.9
9 4,523 3,256 5,442 206.5
10 2,061 3,178 1,861 110.5
11 0 0 0 0.0
12 472 1,417 630 43.4
13 472 47?2 157 8.0
14 0 0 0 0.0
15 0 472 0 10.1
Unspecified 6,138 472 3,305 344.8
Total 256,865 241,755 231,367 4,208.6

The unspecified group is composed of large individuals, >70 mm and equal to 11 years, for which no age
assignment could be made.

The fishery appears to be exploiting quahogs of 6 years and older.
Mean age to market for these quahogs was 7 years and ranged from 5
to 8 years. Populations in the Gulf of St. Lawrence reach commercial
market size, shell length 50 mm, between 9 and 13 years (Landry et al.
1993) while southern populations reach market size in 2-5 years (Grizzle
et al. 2001). In St. Mary’s Bay, age to market appears to be faster than
for populations of the Gulf of St. Lawrence. Differences in growth could
be attributed to many factors including temperature, food quality and
quantity, and salinity.

It is important to note that the age-length key for 2002 was used to
calculate the age composition of the 2001-2003 surveys, as well as the
commercial harvest in 2003 (Tables 2 and 3). This assumes that during
this short period there have not been large changes in growth. The survey
age-length key used for the calculations contained few large individuals,
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Figure 3. Age composition of quahogs from the 2001-2003 spring
surveys (top), and commercial harvest of 2003 (bottom) from
the lease in St. Mary’s Bay, Nova Scotia, Canada.

which might have affected the estimation of the age composition of com-
mercial harvest in 2003. However, for age groups used in the analyses
(7-10 years) the age composition was based on 232 readings. There is
usually little difficulty in identifying annuli for these age classes (Jones
et al. 1990).

The increasing number of age 3-7 quahogs in the spring surveys for
the three years of observations suggested that younger quahogs have a
distribution that is larger than the survey area and that quahogs progres-
sively “recruit” to the survey area. For St. Mary’s Bay, passive transport
may significantly affect the distribution of this population, particularly



Fisheries Assessment and Management in Data-Limited Situations

In (survey numbers)

B 2001 y =-1.42x + 15.514

R?=0.96

2002

y = -1.30x + 14.485
. R?=0.88

. o

1 2003

y =-1.42x + 15.539
o R=0.97

1 A O

2345678 9101112131415
Age

Figure 4. Catch curves for quahogs in St. Mary’s

Bay from the 2001-2003 spring survey
age compositions. Closed circles are
data points used in the analysis; open
circles were not.

171



172 LeBlanc et al.—Density and Mortality in Quahog

16 - y =-1.00x + 21.486
2 =
o o o\.\.\‘ R?=0.98
w
S 12
@
9 | O
%’ 10 O o
o
z 67 O
a 4 ©
£ 2 -
0 I I I I I I I I I I I I 1

2 3 45 6 7 8 9 10 11 12 13 14 15
Age

Figure 5. Catch curves for quahogs in St. Mary’s Bay from
2003 age composition of commercial harvest.
Closed circles are data points used in the analysis;
open circles were not.

6,
1992

—~ 51
o
3
€4
2
> 3
2
2 2 y =-1.40x + 15.375 §
= R? =0.92
<,

0 T T T 1

6 7 8 9 10
Age

Figure 6. Combined catch curve analysis of survey numbers
along cohorts. Ages 7-10 were used in the analysis.
Symbols indicate year classes.



Fisheries Assessment and Management in Data-Limited Situations 173

the younger and smaller animals. The movement of smaller quahogs may
be caused by storm surges in the 7 m tidal range, which are characteristic
to the area. Geospatial differences in distribution between spat, juveniles,
and adults may have ecological implications to overall population fitness
(Rice et al. 1989). Large concentrations of adult quahogs may also affect
the recruitment of juvenile quahogs (Rice et al. 1989). Fegley (2001) has
also documented that when there are large numbers of widely dispersed
spawning quahogs, this can lead to lower fertilization rates.

All of the catch curve analyses of mortality rates suggested that total
mortality for ages 7-10 was high. This would include both natural mortal-
ity, such as predation and disease, and the commercial harvest.

These estimates assume that the adult portion of the population is
closed and thus not subject to emigration or immigration. Because there
are no other known adult populations nearby, passive transport such
as that hypothesized for small quahogs is considered less likely for the
larger adult animals. The analyses conducted on the age-structured data
from the surveys for individual years, or the 2003 harvest, also assumed
constant recruitment. Survey data from 2001 to 2003 indicated that
there was significant variation in recruitment in the area for year classes
produced in the early 2000s. However, the analysis of covariance, which
used all three years of survey data, showed that there was no significant
difference in year-class strength for year classes produced in the early
to mid-1990s (ages 7-10 in 2001-2003). This analysis, which took into
account potential differences in year-class strength, also produced a
similarly high estimate of total mortality. In summary, all estimates of Z,
either from the survey or the harvest data and using various methods,
were relatively high. We could not identify specific reasons to discount
these estimates.

Given the apparent high total mortality, the low estimates of exploi-
tation rate for 2003 and of the fraction of the fishable biomass taken by
the fishery in 2001-2003 would imply that natural mortality on these age
groups was unusually high.

Mortality rates for adult quahog populations from New England states
are usually low and uniform throughout the year and rarely exceed 50%
for age classes between 6 and 10 years (Kennish 1978). Predation may
partly explain high mortality rates. Predation by seagulls is common
over the lease area. Annual predation rates of seagulls on adult quahogs
in the intertidal mudflat at Hamble Spit in Southampton, England, were
estimated at 5-10 individuals per m? (Hibbert 1977). Large losses of
adult quahogs may also be attributed to winterkill caused by ice scour-
ing on the lease. Photographs taken of the lease area in December 2002
showed the presence of large ice cakes of 1.5 x 2 x 2 m (height x length
x width). Ice cakes covered the intertidal region from January to April
2002-2004. Winterkill has been suggested for losses of large amounts
of oysters (Crassostrea virginica) and quahogs throughout much of the



174 LeBlanc et al.—Density and Mortality in Quahog

Gulf of St. Lawrence region in 2002-2003 (T. Landry, DFO, pers. comm.
2003). This phenomenon has not been quantified in Atlantic Canada but
may be an important factor in the population dynamics of quahogs in
St. Mary’s Bay.

Low survival rates can have serious implications for the sustainability
of a population. Size structure is important for the reproductive fitness
of a population and in terms of fishery management. M. mercenaria is
described as a protandrous consecutive hermaphrodite, meaning that
males typically dominate the younger size classes, the sex ratio changes
with age distribution, and the sex ratio of adults is not 1:1 with growth
whereby males may still outnumber the females (Eversole 2001). Though
separate sexes do exist, fully functional hermaphrodites are common to
quahogs (Eversole 2001). In the Gulf of St. Lawrence, sexual maturity can
be attained at 25 mm and 30 mm shell lengths for males and females re-
spectively with one major spawning event usually occurring in mid-June
(Landry et al. 1999). In this case, the fishery mainly harvests animals that
are 45 mm and larger and the bulk of the mortality for quahogs 7 years
and older appears to be largely due to causes other than exploitation. If
further analyses confirm these results, this could be a natural character-
istic of this population.

In conclusion, while the simple methods used are subject to a num-
ber of assumptions that need to be verified, these analyses provide a
description of population structure and initial estimates of mortality for
this understudied population. In our study, the limited data precluded
the use of more complex models but the results underline the usefulness
of basic methods to generate hypotheses about population dynamics, in
this case high natural mortality. We hope that this information combined
with continued sampling of the population and the fishery will lead to
the use of age-structured population models, such as virtual population
and statistical catch-at-age analyses, to gain a better understanding of
population dynamics of quahogs in St. Mary’s Bay.
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Abstract

Management of the spiny dogfish (Squalus acanthias) fishery in the east-
ern North Pacific Ocean has historically been limited, and not focused on
conservation of the species. Washington State Department of Fish and
Wildlife (WDFW) recently adopted a new management strategy aimed spe-
cifically at protecting the spiny dogfish during the critical reproductive
period. There is currently little information on the reproductive biology
of the Puget Sound stocks of spiny dogfish, and much of it is anecdotal.
The aim of this project is to improve the data poor nature of spiny dog-
fish fishery management. This paper reports some of the findings of an
extensive investigation into the reproductive biology of Puget Sound
spiny dogfish. The pupping season appears to be from May through No-
vember, longer than the anecdotal data indicate and much longer than
current regulations were written to cover.

Introduction

The spiny dogfish (Squalus acanthias) fishery in the Puget Sound and
Pacific Northwest waters has received little management and has been
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characterized by fluctuations in catch and effort. Management of this
species in Puget Sound is based on poor data, managers have little local
information about the species, and much of that information is anecdotal
and from fishery stakeholders. Prior to 2003, spiny dogfish management
goals were reduction of interactions with other fisheries, reduction of
bycatch, or to conform to market practices (WDFW 2003).

In 2003, Washington Department of Fish and Wildlife (WDFW) amend-
ed the fishing regulations for setnet and set-line spiny dogfish fisher-
ies. The 2003 amendments effectively closed the fishery in most of the
Puget Sound areas during the summer months (June 16-September 15).
This time frame was suggested by industry as the period when females
were pupping and was adopted into the regulation. The impetus to put
regulations in place was justified by the generally accepted need to prac-
tice precautionary management (FAO 1995) to conserve the species and
maintain the fishery.

Recent stock assessments in the western North Atlantic have shown
that the stocks are not stable, fishable biomass has greatly decreased,
there is low recruitment of females, and the stocks may be fully exploited
(Rago et al. 1998). Managers took dramatic steps to reduce the impact
on the stocks as a whole and on large females in particular. While stocks
have not had the same trend in Washington state waters, there is cause
for concern. Catch rates have shown dramatic declines over the last two
decades (Fig. 1) and recent stock assessments also suggest a decline
(WDEW 2003). In neighboring British Columbia, stock assessments show
their stocks to be stable. Given the geographic range of the stocks in the
eastern North Pacific (WDFW 2003, McFarlane and King 2003), the popula-
tions are transboundary and require cooperative management between
the two countries. This begins with creating accurate methods for assess-
ing the status of these stocks, and managing accordingly.

Squalus acanthias is common, small, and easy to maintain in labora-
tory conditions. Literature on this species comes from many areas: North
Atlantic (Rago et al 1998, Soldat 2002), North Sea (Stenberg 2002, Jones
and Ugland 2001), Black Sea (Polat and Guemes 1995), and the North
Pacific (Bonham 1954; Holland 1957; Ketchen 1972, 1975, 1986; Wood
et al. 1979; McFarlane and Beamish 1987; Saunders and McFarlane 1993;
McFarlane and King 2003). Laboratory studies with detailed examina-
tions of the anatomy, physiology, and reproductive cycles, including
endocrinology have been conducted (Tsang and Callard 1987, Koob and
Callard 1999).

In 1948, Bigelow and Schroeder determined that the populations in
the North Pacific were the same species as those in the North Atlantic.
However, research indicates that the animals in these two areas do differ
in some aspects. In the North Pacific, the spiny dogfish are longer lived,
mature later and at a larger size, and they grow much larger than those
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Figure 1. Commercial landings in metric tons for Puget Sound spiny dog-
fish.

in the North Atlantic (Ketchen 1972, 1975; McFarlane and Beamish 1987;
Saunders and McFarlane 1993).

In the eastern Pacific Ocean, spiny dogfish research has focused on
aging, migrations, and population dynamics (Bonham 1954, Holland
1957, Wood et al. 1979, McFarlane and Beamish 1987, Saunders and
McFarlane 1993, McFarlane and King 2003) with less emphasis on life
history. McFarlane and King (2003) show some animals move between
Strait of Georgia and Puget Sound waters, and that the animals from
the coastal tagging area (west coast Vancouver Island) are more prone
to migration. Three separate stocks have been identified by McFarlane
and King (2003) and WDFW (2003): coastal stocks (including Washington
coast, and west coast Vancouver Island), northern (including the Strait
of Georgia and the San Juan archipelago) and southern (waters from Port
Townsend to the south).

Around the world, pupping and mating seasons vary by area. An in-
depth analysis of reproductive biology for spiny dogfish found in British
Columbia waters suggested that mating occurs from December through
February and that parturition occurs October through November (Ketchen
1972). Soldat (2002) reported that pupping in the western North Atlantic
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occurs year-round with most activity between November and April. In
waters near Sweden and Norway, pupping is reported to occur from No-
vember to December and mating from December to February (Stenberg
2002), while Jones and Ugland (2001) report pupping from September
to December and fertilization (and onset of pregnancy) from October to
February. It is important to note that the time of mating and the onset of
pregnancy may not be closely linked if the female stores the sperm for
a period of time prior to fertilization. The objective of this paper is to
present results from an ongoing and in-depth study into the reproductive
biology of spiny dogfish in Puget Sound. We propose that the timing of
the critical reproductive events may differ from that previously reported,
which has a direct impact on current management strategies.

Our investigation of the reproductive biology of the spiny dogfish is
an effort to refine parameters for more accurate stock assessment and
management strategies. Although this study focuses on the spiny dogfish
in north Puget Sound (NPS), we also sampled spiny dogfish from the south
Puget Sound (SPS), east Puget Sound (EPS), and coastal (C) areas, in an ef-
fort to compare reproductive timing and animal sizes (Fig. 2). The results
presented in this paper will quantify the reproductive season for NPS
spiny dogfish, contribute to a comparison of the timing of reproductive
seasons with spiny dogfish from other areas, and suggest the role of this
information in defining fishing seasons and harvest regulations. Informa-
tion from this study will contribute to management of the spiny dogfish
fishery in Puget Sound, and possibly to British Columbia management.

Materials and methods

This study has three parts: sample collection, lab analysis, and hormone
analysis. Sample collections involved demographic information, size
and sex distributions, and catch effort. The laboratory section included
examination and measurement of reproductive tracts. The hormone
component is not presented here but will appear in a future paper (M.S.
thesis draft, Cindy A. Tribuzio).

Spiny dogfish samples were collected from November 2002 to Octo-
ber 2003. Fish were sampled from the catch of a commercial bottom trawl
fisherman in the southern Strait of Georgia, Washington (48°N, 123°W)
between 73 and 128 meters (40-70 fathoms) depth (Fig. 2). Up to 25 spiny
dogfish were tak